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THE USE OF SURFACE PENETRATORS FOR PLANETARY EXPLORATION 

M. B. Blanchard, V. R. Oberbeck, T. E. Bunch, R. T. Reynolds, 

T. N. Canning, and R. W. Jackson 

Ames Research Center 


SUMMARY 


lids report summarizes activities performed by Ames Research Center, Sandia Corporation, 
and a group of potential experiment investigators funded by NASA. Headquarters during FY 1976 
to examine tlie feasibility of employing penetrators for exploring Mars. During this time a 
committee of scientists chaired by Dr. James Westphai, evaluated the penetrator concept as a tool 
for planetary exploration. Eight areas of interest for key scientific experiments have been identified 
by this committee. Tliese include: seismic activity, imaging, geocliemistry, water measurement, 
heatflow, meteorology, magnetometry, and biochemistri-. In seven of the eight potential experi- 
ment categories, tliis year’s progress included: conceptual design, instruinent fabneation, instrument 
performance evaluation, and shock loading of important components. Most of the components 
survived deceleration testing with negligible performance changes. Components intended to be 
placed inside the penetrator forebody were tested up to 3,500 g and components intended to be 
placed on the afterbody were tested up to 21,000 g. 


A field test program was conducted using tentative Mars penetrator mission constraints. Drop 
tests were performed at two selected terrestrial .analog sites to determine the range of penetration 
depths for anticipated common Martian materials. Minimum penetration occurred in basalt at 
Amboy, California. Tliree full-scale penetrators penetrated 0.4 to 0.9 m into the basalt after passing 
through 0.3 to 0.5 m of alluvial overburden. Maximum penetration occurred in unconsolidated 
sediments at McCook, Nebraska. Two full-scale penetrators penetrated 2.5 to 8.5 m of sediment. 
Impact occurred in two kinds of sediment; loess and layered clay. 

Although previous information indicated no important disturbance in the soil surrounding the 
penetrator during impact, and therefore the soil in the immediate vicinity was suitable for in-situ 
analysis by instruments on-board tlie penetrator, detailed laboratory analyses of tire soil in a 0 to 
1 cm zone adjacent to the penetrator’s skin revealed that tills zone is modified during penetration 
and is therefore not suitable for in-situ analysis. 

In summary, this year’s activity has revealed three important results: (1) Deceleration g loads 
of nominally 2,000 for the forebody and 20,000 for the afterbody do not present serious desian 
problems for potential experiments, (2) Penetrators have successfully impacted in to terrestrial 
analogs of the probable extremes of potential Martian sites, and (3) To avoid contaminated and 
chemically modified soil samples for penetrator experiments performing in-situ analyses, some kind 
of sample collector will be necessary. Although a number of problem areas have been identified for 
future study, none appear insurmountable. 
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INTRODUCTION 


The Space Science Board of the National Academy of Sciences has recommended that surface 
penetrators be considered as standard tools for exploration of the solar system (ref. 1 ), A number of 
other studies (refs. 2-8) have also concluded that surface penetrator missions to Mars would 
provide useful scientific results. During FY 1976, NASA Headquarters funded three activities 
designed to assess the feasibility of using surface penetrators to emplace useful scientific 
experiments on the Martian surface: (1) Ames Research Center performed a field test program to 
evaluate penetrator systems, penetration depths, and environmental effects of penetration into 
terrestrial analogs of Martian surface materials. This effort was divided into two principal activities: 
(a) A contract with Sandia Laboratories for testing instrument components in the laboratory and 
penetrators in the field; and (b) Analytical studies performed in the Ames Space Science Division 
laboratories on contamination of impacted rocks, site selection, and penetrability. (2) Selected 
investigators peiiormed feasibility studies of candidate scientific instruments potentially capable of 
operating from penetrators. (3) Dr. James Wcstphal was appointed to chair and select an ad hoc 
committee of scientists to evaluate the usefulness of penetrators as devices to explore Mars and 
other planets. 

In April, 1976, a meeting of tlie Westphal committee and principal investigators was held in 
Albuquerque, New Mexico to review progress. In July, 1976, the Westphal committee met and 
prepared their report evaluating the feasibility of the surface penetrator concept. The following is a 
summary of work carried out by Ames and Sandia personnel, and a summary of reports (appendices 
A— M of this report) by investigators funded by NASA Headquarters to study feasibility of various 
candidate scientific Instruments that could be emplanted by penetrators. 


SCIENTIFIC RATIONALE 


A prime objective of NASA’s planetary programs is to study the origin and evolution of 
planetary bodies in the solar system. Current models of planetary evolution require a wide variety 
of data. Planetary surface models require data in the areas of geochemistry of the crust, geologic 
structure, and meteorologic activity. Planetary interior models require data in the areas of seismic 
activity, heat flow, and magnetic fields. 

Surface penetrators are capable of providing data in each of these six areas. In fact, penetrators 
offer a unique capability for obtaining unusually high quality data in three of these areas. This 
uniqueness is a consequence ot a penetrator’s ability to pass through overburden material into 
underlying rock units. This action insures: (1) Adequate coupling to enable measurement (free from 
noise produced by meteorological activity and solar radiation) of a broad spectrum of seismic 
events, (2) Meaningful geochemical measurements from geologic formations rather than wind blown 
surface materials, and (3) Subsurface temperature measurements at depths below the influence of 
diurnal and annual fluctuations. The combination of high quality seismology, in*situ subsurface 
geochemistry, and heat-flow, along with an imager on the penetrator afterbody to observe surface 
processes, provides a unique instrument capable of acquiring prime scientific data from widely 
separated regions on a planet during one relatively low-cost mission. 
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The use of multiple penetrators (up to six) launched from one orbiting spacecraft allows 
several probes to be used for landing sites selected to provide data for global studies (e,g., seismic 
network) and allows a few additional probes to be used for unusually interesting sites (e.g., polax' 
caps) that would have otherwise not been selected because the landing environment would endanger 
a mission devoted to a single landing craft. 

The Westphal committee (ref. 9) found that penetrators offer a superior way to answer key 
science questions about planetary bodies. Their studies show that a penetrator mission would be 
worthwhile and should be considered as a logical follow-on to Viking. An exploration program of 
this nature would substantially enhance the value and success of subsequent surfaxyi-roving and 
sample return missions to Mars by dramatically improving the data base on which these missions are 
planned. 


MISSION CONCEPT 


The use of surface penetrators to deliver scientific instruments to a planet is a recent addition 
to NASA’s inventory of planetary exploration methods. The basic concept of penetrators (refs. 2 
and 3) is that a properly shaped vehicle can impact a surface at a moderately liigh velocity and then 
dissipate its kinetic energy by penetrating several meters beneath the surface. Thus, the vehicle does 
not require complicated systems to make a soft landing and the deceleration loads are held to 
acceptable levels. On a planetary body, part of the vehicle is designed to remain at the surface to 
provide a platform for both the communication antenna and some sensors. An umbilicus is unfurled 
to provide electrical connections to the more deeply buried forebody. 

The technology of surface penetrators has been developed by the U.S. military and all the 
essential characteristics of planetary penetrators have been demonstrated on test or operational 
devices. 


Mars Penetrator Design Features 

The basic design features of a Mars surface penetrator are shown in figure 1 . The rocket shape 
is necessary to assure penetration of the surface and stable flight through the ground. Most of the 
scientific instruments and the supporting subsystems are mounted inside the cylindrical section. The 
antenna and some shock-hardened sensors are mounted on the afterbody. 

The vehicle is powered by a combination of a radioisotopic-thermoelectrie-generator for steady 
loads and a rechargeable battery for peak loads. Communications to Earth are accomplished via a 
radio relay link to an orbiting spacecraft. Scientific data from the instruments will be collected and 
stored in a memory until a communication session with the orbiter allows the data to be sent to 
Earth. Instrument operations will be controlled from Earth and sequenced by an onboard 
computer. 

A typical Mars mission would include 4 to 6 surface penetrators and a single spacecraft to 
carry them. After arrival at Mars, the penetrators would be separately targeted to preselected sites 
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WEIGHT - 31 kg 
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Figure 1-- A possible penetrator configuratlGn* 
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as shown in figure 2 to establish a network of surface and subsurface stations. Once established, 
each penetrator in the network would be scheduled for daily communication sessions with the 
orbiter for at least a Martian year. 


INSTRUMENT FEASIBILITY STUDIES 


Science Justification for Selected Experiments 

Certain types of experiments are generally considered useful to answer basic geophysical, 
geochemical, and biological questions necessary for understanding planetary and biological evolu- 
tion. NASA Headquarters selected seven candidate experiments to study for a penetrator which 
satisfy major requirements for important planetary experiments: seismometry, imaging, geochem- 
istry, water detection, heat flow, magnetometry, and biochemistry experiments. 

Passive seismic instruments carried by a number of penetrators and emplaced at widely 
separated places on Mars can provide basic information characterizing the major structural features 
of the planet’s interior. The presence and structure of a core, mantle, and crust can be determined. 
The diversity of surface geologic structure suggests that current geologic processes can also be 
studied using passive seismic techniques. An array of penetrators can provide an ideal seismic 
network becau-.e subsurface burial insures good seismic coupling of the instruments to the 
suiisurfacti material. 

Imaging experiments are usually the first source of information from which surface processes 
on a planet may be observed. They provide an indication of both meteorologic and geologic activity 
as evidenced by major landforms, and also pro^dde a frameu'ork within which all other measure- 
ments may be interpreted. High-resolution images can be obtained from a camera on the afterbody 
of the penetrator. This is possible because the afterbody separates from the foretody at the time of 
penefi-ation and remains on the surface. Imagery of the terrain surrounding several penetrators 
could provide substantially more information than is currently available for Mars and could thus 
augment the imagery obtained from Viking at two local sites in assessing the interaction between 
the planet’s atmosphere and lithosphere. 

Geochemical experiments can be more effective when performed from penetrators than from 
other spacecraft and landers. The surface of Mars is covered by deposits comprising a mixture of 
material excavated from coherent formations beneath the regolith by meteorite impact and volcanic 
processes, and fragmental materials carried by wind and water from other regions. Geochemical data 
can be most easily related to interpretation of known geologic events when large formations can be 
sampled completely and directly. For example, during lunar exploration the most meaningful rock 
samples were collected only from craters that penetrated through the overburden and excavated 
blocks from underlying formations. Penetrators can be emplaced beneath regolith deposits on Mars 
into coherent formations. In-situ geochemical analyses of such formations will provide important 
information on the geologic history of the planet. 


Experiments to detect free and bound water are desirable for at least two reasons: First, water 
is considered vital to life processes and exploration for biological activity is a major goal for Martian 
studies. Second, many ancient Martian surface features suggest that a considerable amount of water 
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was once present on the surface, and recent evidence from Viking has shown that the polar caps are ■ 

covered with water ice. Detection and location of water stored in the Martian regolith is therefore | 

an important task for reconstrr'cting the meteorologic and geologic uEtory of the planet. ^ | 

Heat-flow experiments are importan t because they provide direct measurements of the thermal | 

state of a planet. These measurements can be used to deduce the degree of differentiation of a i 

planet. Heat flow information in conjunction with geochemical, seismic, and magnetic data, is - j 

essential to determine a complete picture of the planetary inferior and-its history. 

Magnetometer experiniirnts are important because they can reveal physical properties of the 
planet’s interior. Refined simultaneous measurements of the magnetic field from a network of 
peneu.iLoiY. and from a supporting orbit; r spacecraft can yield information on fhe size, composi- 
tion, and dyramics of a liquid metal core Analysis of diurnal field measurements will make it 
possible to disdnguisli global and local magnetic tlclus and relate them to local geologic features. 

Electi Jca! cond uctivity find temperature profiles can be dcrivid from magnetometer measurements 
for the crust and mantE;. 

\ maiof objective uf solar 'system exjdoration <'5 the ',earrh fr>r exvraterr; stijal Lfe and for 
conditions suitable for life developmenr. Tlvii; is the primary objective for Vi.king. Certainly, positwc 
or inconclusive results from Viking will indicate that further experiments should be considered for 
subsequent missions. Penetrators could be used as reconnaissance tools to locate regions where 
life-sustaining environments are better developed. Experiments designed to detect life-related 
compounds can help to characterize the distribution, origin and evolution of life. The current 
Viking results suggest that subsurface biochemical exploration may be more suitable for detecting 
life than surface studies because the surface environment is so severe and changes rapidly. The need 
for simple and specific tests for life, or life-related compounds, seems certain from current 
interpretations of Viking data. 


Summaries of Progress for Candidate Experiments 

Seismic experiment— Several studies evaluating candidate seismometers for a penetrator 
mission have been performed: (a) Triaxial transducers compatible with the volume available have 
been identified; (b) Performance of two commercially available accelerometers were compared with 
a standard; (c)One commercially available accelerometer and an inertial mass suspension system 
were shock tested at the Sandia test facilities. Details of these studies are reported in Appendix A.^ 

Four preliminary designs of three-axis instruments thought suitable for a Martian seismic 
investigation were identified. All are based on transducers that measure displacement rather than 
velocity because they yield greater response at very low frequencies. Viscous damping provided by 
fluids is likely to be employed for protection of the suspended mass against deceleration forces and 
as a conductive medium for resistance-bridge transducers. A rigid caging system similar to that used 
for the Viking seismometer and a limiting stop for the test mass are also being considered to protect 
the inertial masses from impact forces. 

Two commercially available transducers were tested under controlled laboratory conditions 
and compared to the response of a Benioff 1-90 system during a 6-3/4 magnitude earthquake in 
Peru. The commercial instruments have been found to be more sensitive than the Viking 
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seismometer. A commercial bubble tiltmeter and an inverted pendulum seismometer passed shock 
testing to 2,000 g with no changes in performance. 

Surface imaging experiment- Cai^cras attached to the penetrator afterbody provide the means 
for useful study of soil chat acteristics, microcratering, aeolian processes, water and carbon dioxide 
condensation processes (i.e... fog and I’^ost), dust storms, site charact?5ization, and determination of 
' position and ori'Jfitation of the after-body bV star observations. Details of cn imaging device with 

these capabilities are reporte>:^iin Appendix B. e ^ 

A 100 X 100 element Fciichiid CCD array v.'sa subjectrd to ?t-i acceleration of 19,500 g 
perpendicular to the plane of the array. The results after the shock test sln'wed the device operated 
normally, except that the p.hotogate appearetl to be open. It '7,is c'.i;iclvyi;d tha, no damage to the 
basic device was directly attributable lo ii ;0 shock and rhat contaminatioh^^n t poor quality control 
were responsible vor the pri'blem. A device bridt to flight standards should hav^ survived without 
damage. .rff' 

Geochemical experiments— Two types of geochemical experiments were investigated: the 
alpha, proton, and X-ray instrument, and the y-ray spectrometer. 

Alpha, Proton, and X-ray Instrument. Since the first chemical analyses were performed on the 
lunar surface from Surveyor by an a-backscatter experiment, improvements on the technique have 
continued. For the penetrator the experiment would include alpha, proton, and X-ray analysis 
modes. With these three modes the experiment is capable of measuring all of the major elements 
(except hydrogen) and many of the minor and trace elements in a soil sample. Details of the 
experiment are contained in Appendix C. 

Work to adapt the alpha particle instrument for a penetrator mission has proceeded in four 
areas: (a) Miniaturized “mini” and “micro” alpha instruments have been conceptually developed 
but not built. The “micro” design is tailored to the penetrator envelope assuming the soil 
immediately adjacent to the penetrator’s skin would be analyzed. Since recent soil modification 
studies have shown this zone to be unsuitable for analysis, the “micro” instrument concept will 
either have to be revised or one of several methods employed to remove the affected soil layer. 

(b) Four potentially shock-critical components of the instrument have been identified. These are: 
solid state semiconductor detector, alpha source, collimator and film, and Joule-Thomson cryostat. 

(c) Environment testing of two of these four critical components was performed. Shock testing of 
silicon detectors at 90° (in-plane) and 45° angles has been successful at the 3,500 g levels. 
Cantilever-suspended collimators survived shock tests at 3,300 g; however, the suspended films did 
not. No alpha source or cryostat was available for shock testing, (d) Because CdTe X-ray detectors 
can be operated at ambient penetrator temperatures, they offer an advantage over cooled Ge 
detectors. Progress by others on CdTe detectors is being closely monitored to see if the CdTe can 
replace the Ge detector now planned for the “micro” instrument. 

-y.Ray Spectrometer. The lunar-orbiting y-ray spectrometer experiment flown on Apollo 15 
and 1 6 provides a basis from which to project performance for a similar spectrometer capable of 
operating from a penetrator. This instrument complements an alpha, proton, X-ray instrument since 
the soil is analyzed to an effective depth of >10 cm, whereas the alpha, proton, X-ray instrument 
analyzes an effective depth of <1 mm. The y-ray instrument will be able to measure Th, K, Fe, Ti, 
Mg, Si, O, and H. If signal/noise ratios can be improved, it may be possible to include Al, U, and Ca. 
Details of this spectrometer are reported in Appendix D. 

¥ 


7 



Possible detectors for iliis instrument include cooled Ge, CdTe, photodiode-scintillator, and 
phototube-scintillator. After a design and performance trade-off study, the phototube-scintillator 
(PMT) was selected for testing. Three 5 cm PMT’s and three 3,5 cm PMT's were shock tested. One 
of the larger PMT’s collapsed when subjected to 3,500 g applied 12.4° off the central axis, 
otherwise the PMT’s survived undamaged. A Csl scintillation crystal and a CdTe crystal were also 
successfully shock tested. An integrated detector assembly consisting of a 5 cm Csl crystal mated 
with a 3.5 cm PMT is planned for shock testing soon. 

The RTG power source generates radiation fluxes of neutrons and 7-rays which will 
detrimentally affect the sensitivity of the proposed experiment. The 7-ray emission results from 
impurities in the Pu 238 fuel and daughter products from the decay of the Pu 238, The dominant 
7-ray emission (2,614 MeV) can be reduced if specially processed Pu 238 is used. The neutron Qux 
generated by the RTG can produce measurable activation in a scintillation detector and in the 
materials from which the penetrator is made. The calculated RTG background interference does not 
preclude the proposed experiment, but it demonstrates that a special effort should be devoted to 
shielding methods. 

Any hydrogen present in the soil will interact with secondary neutrons from cosmic rays or the 
neutron flux from the RTG to produce the 2.23 MeV hydrogen line. The 7-ray instrument can 
provide a useful measurement for soil water because the minimum detectable level for hydrogen is 
estimated to be about 0.3% by weight. 

Wafer detection experiment— Various techniques have been considered to measure soil 
moisture. The use of a pulsed neutron source (14 MeV), combined with a 7-ray detector, has been 
briefly examined and is reported in Appendix H. The use of neutrons generated by cosmic rays or 
by the RTG has also been examined and is reported in .Appendix D. However, during the past year 
emphasis has been placed on a PjOj type of hygrometer. Details of this study are reported in 
Appendix E. In this experiment a commercial Bw^man P2O5 electrolytic hygrometer sensor 
element was evaluated in terms of its general operating characteristics and the feasibility of redesign 
and reconfiguration. It was subjected to shock tests at Sandia. The Beckman sensor element 
survived these tests in terms of electrical and mechanical integrity although recalibration tests 
showed that instrument sensitivity and dynamic range were reduced. After careful reconfiguration 
and conditioning of the P2 Oj element, five of these sensors survived several shock tests and two 
aerial drop tests in full-scale penetrators experiencing decelerations up to 20,000 g. Additional tests 
of redesigned sensors were performed using a simulated Martian atmosphere (70% CO2 , 30% Ar, at 
pressures between 2— lOtorr) containing water vapor at the ppm level. The sensor elements 
performed generally satisfactorily in terms of electrical integrity and sensitivity. However, evidence 
of uneven flow through the sensor element at a pressure range I 'itween 2—5 torr resulted in 
interruptions of the instrument measurements. In summary, the tests showed the sensor element 
responded to water vapor only and with sufficient sensitivity to function as a hygrometer in the 
Makian enyffontnent. 

During the same period an alternate sensor (solid polymer electrolytic) that can function in 
either the conductance, or conductance-electrolysis mode was also studied. The solid polymer 
electrolytic has potential advantages over the P2O5 whicii includes wider dynamic range, better 
mechanical and chemical stability, and more versatile configurations. 


8 



BiPRODUCIBiLnY OF 
ORiitNAL PAGE IS POrm 


Heat flow experiment- Most of the FY76 heat flow activity has been devoted to analyzing the 
influence of the natural and artificial phenomena that could interfere with a viable heat flow 
experiment. These analyses included an assessment of first-order effects of the following: annual 
and daily temperature fluctuations at the surface, energy stored in the penetrator by virtue of the 
temperature differences when implanted, energy deposited along the bore hole and in the 
p^etrator skin during penetration, free convection in the bore hole, and heat produced by the 

RTG. Studies describing the effect a penetrator has on local soil temperature are reported in 
Appendices K and L. 


The feasibility of making a viable heat flow measurement from a penetrator in the Martian soil 
has been examined mathematically and is reported in Appendix F. The similarities in deployment 
geometiy and expected subsurface temperature variations between the lunar heat flow experiments 
and the proposed Mars penetrator system suggest that comparable methods could be used. To 
exainme the difficulties involved in making such measurements, two numerical simulations of 
feasible penetrator deployment configurations were computed for a time cycle of one Martian year. 
The simulations show that the principal factors necessary for a successful Mars penetrator heat flow 
measurement include substantial penetration (>4 m preferably) and deployment of accurate 
temperature sensors (±0.05 K) at favorable locations. No hardware for the penetrator heat flow 
experiment has been built. 


Magnetometer experiment— Preliminary performance requirements for a magnetometer to be 
operated onboard a penetrator on Mars were established. Details of this instrument are reported in 
Appendix G. A single-axis flux-gate sensor capable of performing within these constraints was built 
and tested m sensor was mounted parallel and perpendicular to the direction of shock and 
expeneneed shock levels up to 21 ,000 g. No sensor mechanical or electrical properties were affected 


Biological experiments— Attention has been concentrated on the development of simple 
experimental concepts which can use the subsurface, multi-site, and long-life characteristics of the 
Mars penetrators. Details are given in Appendix H. In addition to providing information relative to 
planetary biology these experiments may also yield data beneficial to the geosciences. 


FIELD TEST PROGRAM 


Penetration Test Results 

The objectives of the FY76 field test program were to determine the following; (1) The range 
of penetration depths for anticipated Martian materials at selected terrestrial analog sites (2) The 
iteration of physical and chemical properties in the soil caused by the impacting penetrator, 
amount of contamination introduced to the soil by the penetrator during impact, and 
(4) The effect of full-scale testing on penetrator subsystems (e.g., telemetry) and .ensors. 

Terrestrial analog sites were selected to represent anticipated Martian materials in which the 
penetrator would experience maximum and minimum penetration depths. Maximum penetration 
occurred at the test site in McCook, Nebraska, and minimum penetration oceun.-; at thp site in 
Amboy, California. 
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The McCook, Nebraska, site was selected because it simulated penetration into wind deposited 
sediinents (silts and sands) on Martian plains. During January 1976, two full-scale penetrators were 
dropped from an aircraft and two 0.58-scale penetrators were fired with an air gim into the McCook 
site. One set (full-scale and 0.58-scale) landed in a- deposit of dense laminated silt and clay. Total 
penetration was 2.5 m for the full-size penetrator and 1,7 m for the 0.58-scale penetrator. 
Decelerations Were measured at 300-400 g for the full-scale penetrator and estimated at 800---900 g 
for the 0.58-scale penetrator. The other set of penetrators landed in the desired loess sediment, 
l^tal penetration was 8.5 m for the full-scale and 4.6 m for the 0.58-scale penetrators. Peak 
decelerations were estimated at 100—200 g for the full-scale penetrator and measured at 400—600 g 
for the 0.58-scale model. At the McCook site, all penetrations were less and decelerations were 
greater than anticipated because the top 30 cm of soil was frozen. Results of the McCook field 
operations are described in Appendix I. 

The Amboy, California, site was selected because it simulated penetration into Martian basalt 
flows. Several sites were investigated (refs. 10 and 11) in order to find one having a thin regolith 
that would be suitable as an analog to a lava flow on Mons Olympus. A regolith thickness of less 
than 1 m was selected using impact cratering theory. A model simulation study (ref, 6), using 
impact velocities specified in the mission plan and penetration equations, indicated total penetra- 
tion into the underlying lava would be little affected by this layer of overburden. These simulations 
were confirmed by the full-scale field tests. During April 1976, four full-scale penetrators were 
dropped from an aircraft into the Amboy test site. The first penetrator impacted at a slightly higher 
velocity (2 1 3 m./s) than the mission model ( 1 50 m/s). Its total depth of penetration was 1 .2 m. The 
amount of basalt penetrated was 0.9 m and the amount of alluvial overburden penetrated was 
0.3 m. The second penetrator impacted at 152 m/s and its total depth of penetration was 0.9 m. 
The amount of basalt penetrated was 0.4 m and the amount of alluvial overburden penetrated was 
0.5 m. Two other penetrators achieved similar results, although overburden thicknesses were 
greater. In three of the drops, total penetration was less than the penetrator length and the 
afterbody remained on the aft end of the penetrator. All penetrators had “off-the-shelf ’ telemetry 
packages not designed for hard rock penetration and, consequently , all failed on impact. Because of 
these failures, complete deceleration records were not obtained. However, calculations indicate that 
the penetrators experienced about 2,000 g during penetration of the alluvial overburden. Results of 
the Amboy field operations are described in Appendix M. 


Soil Modification and Contamination Effects 

Studying the effects produced in the soil (refs. 12—15) caused by the penetrator passing 
through the soil has proved to be very important for three reasons. First, the metal surface of the 
penetrator abrades and thus introduces contaminants to the environment. Second, the temperature 
levels reached in the soil in the immediate vicinity of the penetrator (0-2 mm) are sufficiently high 
that phase changes occur and thus change the elemental and mineralogical composition. Third a 
zone of sediment mixing occurs in a boundary layer (0-1 cm thick) surrounding the penetrator as it 
passes through the soil. Within this mixing zone soil particles are rotated, crushed, and dragged 
along by the penetrator to their final stopping place. 

It is clear that a thorough analysis describing the environment surrounding the penetrator is 
required before a sample recovery mechanism can be designed. The viability of potential 
geochemical and water detection experiments is affected by both the introduction of contaminants 
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and the phase changes occurring in the sediments. A preliminary report describing those changes 
observed in the soil for the full-scale penetrator landing in the loess is included in Appendix J. 
Analyses are continuing in an effort to describe the changes in the layered strata (interbedded clay 
and silt layers) where full-scale and 0.58-scale penetrators also impacted at McCook, Also, analyses 
are just beginning to determine the changes in the basalt where four full-scale penetrators impacted. 

A brief summary of the preliminary report describing the changes observed in the soil for the 
full-scale penetrator impact site in the loess follows: 

(1) The region 0-50 jam from the penetrator’s skin is characterized by a glass layer. The 
elemental analyses have shown increases in Fe, Gr, Mo, Ni, and Ca (?) and decreases in Si, Al, K, and 
Na. The mineralogical analyses have shown the following minerals were introduced or newly 
formed; otFe alloy, Cu-Sn alloy, cristobalite, opal; and the following minerals were destroyed: 
calcite, mica, kaolinite, illite, and montmorillonite. 

(2) The region 50 jum-1 mm from the penetrator’s skin is characterized by sintered and 
crushed sediment. The elemental analyses have shown increases in Fe, Cr, Mo, Ni, and Na, and 
decreases in Si, Al, and Ca (?). The mineralogical analyses have shown the following minerals were 
introduced or newly formed: aFe alloy, hematite, eFcjOa, geothite, lepidocrocite, limonite, 
lechatelierite, and opal; and the following minerals were destroyed: calcite, kaolinite, illite, and 
montmorillonite. 

(3) The region 1--2 mm from the penetrator’s skin is characterized by a crushed and mixed 
sediment. The elemental analyses have shown increases in Fe, Ct, Mo, and Ni, and no decreases were 
observed. The mineralogical analyses have shown only a pressure-sensitive transformation from 
calcite to aragonite. 

(4) The region 2 mm— 1 cm from the penetrator’s skin shows extensive mixing of soil particles 
and all pre-existing structure has been destroyed. No chemical or mineralogical changes were 
observed. 


SHOCK TESTING 


To assess the ability of scientific instruments to survive the high decelerations of penetration, a 
shock testing program was carried out. Sensors and devices were procured, fabricated, and subjected 
to acceleratiGii pulses in a horizontal air-gun. The operation of this air-gun requires propelling a light 
piston (containing the test item) by rapid compression of a cushion of air between this light piston 
and a heavier driver piston. During this test the acceleration rises smoothly to a peak and diminishes 
smoothly to zero in a sine-wave-like fashion. Because the actual deceleration experienced by 
components in the full-scale penetrator is nearly a square-wave, rather than a sine-wave, the shock 
effects observed during these tests may be underestimated. A test facility to correct this deficiency 
is being designed. The results of all tests through May 1976 are shown in table 1. Test levels of 
2,000 g for forebody devices and 20,000 g for afterbody devices were selected from preliminary 
studies of the highest loads expected. Most of the sensors tested so far have survived the required 
acceleration with negligible changes. 
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TABLE 1.- SHOCK TEST RESULTS 


Device tested 

Max. acceleration 

Results 

Water detection experiment 

Hygrometer 
P 2 OS sensor 

18,000 g 

200 g loess test^ 
2,200 g basalt test^ 

No change in operation 

Solid polymer sensor 

2,200 g basalt test^ 


a-Proton experiment 

30 thick disk detector 

500 fi thick ring detector 

Source collimator 

Oxide films in collimator 
— — 

3,500 g in plane of detector 
3,500 g at 45° to plane 
3,500 g hi plane 
3,500 at 45° to plane 
3,300 g normal to axis, 
cantilevered 
3,300 g in plane of film 

No change in performance 
Failed 

7 -Ray experiment 

3.5 cm diam. photomultiplier 
tubes (3) 

5.0 cm diam. photomultiplier 
tubes (3) 

Csl scintillation crystal 
(5 cm diam. X 5 cm long) 
CdTe crystal 

2,000 g along axis 
3,500 g 20° from axis 
2,000 g along axis 
3,500 g 1 2.4° from axis 

2, 100 g along axis 

2,200 g 

No change in resolution 
Gain change less than 2 
One 5 cm tube broke 
at 3500 g 

No change in resolu tion 
10% gain change 
No visible change 

Seismic experiment 

Single axis seismometer 
2 axis bubble sensor 
Levelling motor 

2,200 g along axis 
700 g normal to axes 

2,100g 

No changes 

Magnetic field experiment 

Single axis sensor 

21 ,000 g along axis 
2 1 ,000 g normal to axis 

No change 

Imaging experiment 

100 X 100 ccd array 

19,500 g normal to airay 

Electrical problems due to 
poor workmanship 


^Mounted inside penetrator. 
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CONCLUSIONS 


To summarize this year’s work, three important points should be noted: Full-scale penetrators 
have successfully impacted into terrestrial analogs of two extremes of potential Martian rock types 
(least and most penetrable). Some kind of an active or passive sample collector will be needed to 
provide uneontaminated and unmodified rock and soil samples for in-situ analysis. Deceleration 
loads of 2,000 g for the forebody and 20,000 g for the afterbody do not appear to present serious 
design problems for potential experiments. 

Further, certain items have been identified as requiring special attention in the near future. 
The most important of these are the following: 

• Design, build, and test telemetry and power systems that operate reliably in a full-scale 
penetrator to at least the 2,000 g level. 

• Conceptually develop and analyze a thermal control system capable of keeping onboard 
penetrator experiments operational over a wide range of Martian subsurface 
environments. 

• Compare the effectiveness of passive (e.g., ramp and entrapment designs) and active (e.g., 
auger design) methods for collecting uncontaminated soil and rock samples. 

• Perform terrestrial analog full-scale penetrator drop tests and determine soil modification 
effects for a permafrost environment. 

• Prepare a preliminary map of the surface of Mars delineating the surface materials’ 
“penetrability.” These data will be used to develop a preliminary Mars site selection plan 
in cooperation with other planetary investigators. 

Penetrators are superior to other landing devices (i.e., hard and soft landers), for some 
measurements, principally because they penetrate overburden material into underlying rock units. 
The concept offers unique high quality seismology, in-situ subsurface geochemistry and heat flow 
measurements. These measurements, combined with an imager on the afterbody to monitor surface 
processes, offer a unique exploration tool capable of acquiring prime scientific data from widely 
separated regions of a planet during one relatively low cost mission. 

The Ames penetrator project team enthusiastically endorses the Westphal report (Appen- 
dix N), recommending a 1981 penetrator mission to Mars. 
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Report of Progress, Contract NS6 7160 


A Study of Hardware for a 
Penetrater-Emplaeed Seismic Station 

During the period covered by this contract (July 1, 1975 
to June 30, 1976} a number of studies and experiments have 
been undertaken which are preliminary to the development of 
a pane tracer- emplaced seismic station. Specifically we have; 

1. studied tri-axial transducer designs which will fit 
within the required envelope; 2. conducted pier tests on two 
cosmiercially available aeeelercmeters ; 3 . prepared one of the 
commercially available accelerometers, an inertial mass-suspension 
system of our own design and some candidate centering ipotors 
for shock testing at the Sandla test facility. 

Figures 1 through 4 are schematic representations of 
Instruments which we feel are good candidates for meeting 
the requirements of volume and sensitivity. All are designs 
which are based on instruments which we have built in the past 
for other applications. Most of the designs are shown without 
tranaducers or facilities for damping. It is anticipated 
that displacement transducers x7lll be used in each design because 
of their greater response at very low frequencies over that of 
velocity transducers. However velocity transducers are not 
ruled out and in fact an auxiliary velocity transducer (coil and 
magnet) may be added as part of a feedback design used for instrument 
centering and stabilization. 


t 
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Viscous damping will be achieved by liquid filling the 
instrument which also acts as a protection against the forces 
of acceleration experienced upon impact with the planetary 
surface. In addition the liquid may serve as the dielectric for 
a capacitive bridge transducer or as the conductive media for a 
resistive bridge transducer. Liquid viscous damping, provided the 
eoapoaents are properly designed, is proportional to velocity, as 
is electro-magnetic damping* however the elimination of magnetic devices 
will avoid stray magnetic fields which might adversly effect other 
experiments aboard the penetrater. 

Figure 1 shows a co-axial, tri-axial suspension based 
upon a design previously used as a compact down-hole system. 

Resistive or capacitive bridge transducers are shown. A 
negative length spring will be used on the vertical to effect 
the equivalent of a greater spring extension in the small 
envelope and the period may be lengthened by incorporating 
an iron disk on the mass with a small magnet fixed to the 
frame. This technique is shown in more detail in Figure 2. 

The vertical component shown in Figure 2 is, in principle, 
identical to the vertical component in Figure 1. The hi-axial 
horizontal instrument is a single pendulum with period lengthening. 

A model of this design has been constructed to demonstrate the 
technique. The attractloh between the magnet on the mass and the 
iron ring on the frame effects the cancellation of system restoring 
force with the resultant increase in the natural period from 
0.3 see to 1.0 see. Because the Instrument period .varies Inversely 
as the square of the restoring force, 0.9 of the system restoring 
force is transferred to the frame. Thus, an auxiliary displacement 
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transducer may be added by the addition of force sensing transducers 
between the iron ring and the frame. The horizontal components 
shown in Figure 3 incorporate a bl**axial, inverted pendulum. 

Whatever suspension system is finally settled upon» the 
design must be capable of withstanding the forces encountered upon 
impact. This may be accomplished by using a rigid caging system 
as was done in the Viking Instrument, or by building compliance 
into the suspension. An example of this latter technique, applied 
to an inverted pendulum, is shown in Figure 4.. This is a schematic 
of a model which has been built for testing in the Sandia Laboratory’s 
shock facility. Here the acceleration force is transferred to a 
limit stop. It is planned to test this device at 2000 g’s. 

As was mentioned, all of the designs discussed would use 
fluid damping and this fluid may act as an electrolyte between 
transducer plates and the common mass. The variable resistance 
of the electrolyte forms two arms of an alternating current bridge. 
This is the form of the transducer used with the bl-axlal bubble 
tilrmeter, still to be discussed, and such a transducer was tested 
on the Inverted pendulum to be shock tested. An electrical 
schamatie of the bridge circuit is shown in Figure 5 for two 
axes. Although the bubble tiltmeteruses a common .carrier oscillator, 
different frequencies on each axis would help eliminate cross- 
coupling of the axes. 

Our studies of transducers applicable to a penetrator has 
also included commercially available units, two of which seem 
promising. The first of these is the Autonetics Model SE541A 
biaxial tiltmeter, shown in Figure 6. In principle, the tiltmeter 
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sensor is simply the ancient sprit level, in ufaich the position 
of the bubble or void in a body of fluid is used to indicate the 
attitude of the fluid container with respect to gravity. The 
fluid is a methyl or ethyl alcohol or an alcohol and glycerin 
mixture. The position of the bubble is detected by a resistive 
bridge, as previously discussed. The weight of the bubble 
assembly is approximately 25 grams and its power consumption 
less than 0.1 milliwatt. 

According to the manufacturer, the limit of resolution is of 
the order of 4 x 10 degree at IHz which is equivalent to 7 x 10 g. 

The small size, biaxial nature and high sensitivity make it a good 
candidate for a seismic instrument aboard a penetrater if it can 
be packaged to withstand the anticipated g forces. We have 
pac-:a 3 ed it in a jig for shock testing at Sandia, first at 
1000 g’s and, if it survives, at 2000 g’s. 

The other commercial accelerometer which we have investigated 
is the Systron-Bonner force-balance accelercmeter. Model ^84l. The 
primary application of this device is as a strapdown sensor for 
guidance systems. A drawing of the unit is shown in Figure 7 along 
with an operational block diagram. The inertial pendulum is 
maintained nearly at its mechanical zero position by the high 
gain amplifier and servo loop. This unit is primarily a high frequency 
(greater than 50Hz J. device so much of our effort was to determine 
its low frequency characteristics. 

If this unit has sufficient sensitivity for the application 

it is of particular interest to us because of its Inherent feedback. 

We anticipate including signal shaping cJLrcuitry in the feedback 
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loop and thus may control the low frequency response of the device 
in the manner discussed in our previous reports on this subject. 

The weight of the unit is roughly 250 grams per axis and the power 
Gomsumption of the electronics supplied by the manufacturer is about 
120 mw. The suspension of the Inertial mass is by a diamond bearing 
which the manufacturer claims is purely elastic. So far, however, 
with our pier testing we have been unable to verify this. 

Both the Autoneties bubble tiltmeter and the Systron- 
Donner accelerometer are being pier tested with their recordings 
compared to standard instruments. We have two test sites, one 
on the CIT campus and one at the CIT Kresge Laboratory about 4 km 
west of the campus. The bubble is simultaneously tested at the 
Kresge and campus sites. At the Kresge facility the bubble's 
frequency response is shaped electronically to equal the 
magnification of a Senioff, 1-90 system over the range of roughly 
2 sec. to 20 sec. (Figure 8) to determine its long period characteristics. 
At the campus facility, very little response shaping is used so 
that its short period and wideband characteristics may be compared 
to the Viking Instrument, a more or less conventional geophone 
(Figure 10) . The force balance accelerometer is also being 
tested at the campus site and compared against the Viking and 
bubble Instruments. 

Figure 9 shows a Peruvian earthquake of magnitude 63/4 

recorded at Kresge on the bubble and the Benioff system. Figure 9a 

and 9b show the beginning of the event (time scales are not the 

same on the two recordings) and Figures 9c and 9d show long period 

waves arriving some 13 munutes later. Figure 11 compares the 
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short period characteristics of the bubble the Viking for a 
local event. The wide band characteristics of the bubble are 
evident as indicated by the presence of 6 sec. microseisms, which 
are absent on the Viking record* and the high frequency signatures 
of the local event and the train. Also shown, in Figure 11a, is a 
record of the same event as it appears after being processed by 
the Viking daua compression system. This system extracts the 
envelope of the event and also makes a count of the number of 
times Che signal made a position crossing of the zero axis, as a 
measure of the harmonic content of the event. The sampling interval 
in each case is one sample per second. Some kind of data compression 
will also be needed for the seismic penetrator experiment. 

A comparison of the Viking instrument, the bubble and the 

force balance accelerometer is made in Figure 12 for a teleseism. 

Here again, the wideband characteristics of the bubble are evident. 

The record of the force balance accelerometer, hot^ever, is disturbing 

due to the lack or 6 sec. mlcxoselsms. The response curves of 

Figure 10 show that in the region of 6 seconds (arrows) the response 

of che bubble and the force balance accelerometer are within a few db. 

However, Figure 12 and other recordings of the force balance accelerometer, 

do not show 6 see. microseisms, indicating that the response is not 

as shown in Figure 10. The 6 sec. microselsms represent an 

acceleration of the order of 10 g and their absence on the record 

could be interpreted to mean that the diamond suspension of the force 

balance aeeelerometer is not purely elastic at these g levels. 

Records supplied by Systron-Donner seem to show 6 see. microseisms 

although no comparison instrument was operated at the time the 

recordings were made. This question is presently unresolved, problems 
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in the instrumentation are not ruled out, and is still being 
investigated. 

Fig. 13 is from one of our previous reports and shows what 

we thought could be accomplished with an advanced Viking type 

instrument or what would have to be done in order to extend its 

response to that necessary to observe the free modes of Mars. The 

dotted area has been added to Indicate the response that we have 

shown the bubble to have. It may, in fact, have much greater 

senaitiV^y this since the manufacturer claims a resolution 
-S 

of greater than 10 g at a 1 Hz bandwidth. If the shock tests 
are successful the limits of sensitivity will be investigated 
further. If the lack of 6 sec. microseisms on the recordings 
from Che force balance accelerometer is in fact due to instrumentation 
problems, it too, would have a response within the dotted area in 
Fig. 13 and a shock test of this instrument would be in order. 
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Example Instrument 

Approximately 4 camera units on Penetrator afterbody 
190 X 244 element CCD detector in each unit 
8-bit digitization of each element 

5 

3.7 X 10 data bits per frame 
No spectral filters— wideband response 
12“ X 16“ field of view for each unit 
About 1.5 millirad per pixel 
Acceleration Test Results 

A 100 X 100 element CCD array was subjected to acceleration of 
19,500 g perpendicular to the plane of the array. 

The results of testing the Fairchild 100 x 100 CCD area array 
after the shock test are as follows: 

1. The device operated normally after the shock test except 
that the photogate appeared to be open. This allows photo- 
charge to bleed down in a completely uncontrollable 
fashion. 

2. The device was delidded and visually inspected, with the 
following results: 

a. Much debris was discovered to have been encapsulated 
within the device; a section of gold bond wire and 
several chunks of conductive epoxy being most notable. 
One piece of conductive epoxy was found lying on the 
gate structure of the device. 

b. One (of several) substrate aluminization connections 
was vaporized, apparently from excessive current flow. 
A redundant parallel aluminization strip had obviously 
been overstressed. 

c. One gold ball bond appeared to have been broken in 
bonding or handling prior to packaging. The wire 

was sheared at the top of the ball bond, but was being 
held in place at the edge of the ball by the glue 
used to bond the lid to the case. 

d. All other bond wires appeared to be OK. No obvious 
damage had occurred to the chip or the package. No 
evidence of deformation of bond wires was evident. 
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Potential Far Field Observations 

1. Site Characterization 

In principle, Penetrators could be targeted to many diverse 
regions on Mars where relatively eloseup observations of land 
forms from a different aspect that can be obtained from orbit 
would seem to have obvious value to geologists. Example 
land forms of particular interest are dunes, rock formations, 
layered deposits, arroyo beds, landslides, cliffs and volcanic 
forms . 

2. Dust Storms 

Although the Viking Lander cameras may provide the first 
surface images of dust storms it Is likely that Penetrator 
cameras, commanded when orbital imaging indicates the pre- 
sence of dust clouds, could contribute usefully to the 
study of this phenomenon. The combination of orbital Imaging 
and IR data together with the surface images could be a power- 
ful means of understanding how dust storms begin* propagate 
and decay. 

3. Condensate Clouds 

The manner in which seasonal water Ice clouds form In the 
tropical areas, typically in the vicinity of volcanos 
and canyons, will not be well studied by either Viking, or 
probably, by a Mars Polar Orbiter. Imaging at different 
times of day, principally In the morning, on successive days 
at sites where clouds occur could help understand this 
phenomenon, particularly if a meterology package Is Included 
in the payload. The pictures could determine whether the 
clouds form at high or low altitude and whether surface 
condensation plays any role. 

Star Observati 6ns 


A Penetrator imaging system could be used to determine the position 
and onentation of the probe. This would have particular value for the 
seismic experiment. The area array cameras can be used for long exposures, 
particularly at night when temperatures are low, and therefore shouH be 
able to detect bright stars. We estimate that an exposure of about 100 
seconds would be needed so that the images would be smeared over a few 
pixels, an effect for which compensation could be made. The principal 
errors in determining the location and orientation are likely to arise 
because the aft-body orientation is not Identical to that of the for*>body 
and because the camera alignment with respect to the aft-body may change 
on landing. 
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CONCLUSIONS 


1. No damage to the basic device was directly traceable to the 
shock. The photo-gate problem is probably related to the 
conductive junk on the chip surface and the substrate 
connection overstress. 

2. A device built to flight standards, without the junk and 
bad workmanship, should have survived without damage. 

Potential Near Field Observations 


1. Soil Characteristics 

Other Penetrator measurements are more useful if they are 
related to the site context as ascertained in far field obser- 
vations and Orbiter imaging. One would look for evidences of 
particle sorting, ripples and layering. Sites on volcanos 
might be at a sufficiently high altitude that aeolian covering 
is slight so that the lava type may be distinguished. In 
arroyo sites the degree of rounding of any observable rocks 
will be of interest to see whether water ran for a long period 
or if the channels were cut by episodic floods. 

2. Microcratering 

In any areas where the bed rock is exposed small crate^ 
may have been preserved in which case their areal density and 
state of preservation would be of interest in connection with 
cratering rates, secondary cratering, erosional and filling 
rates . 

3. Eolian Processes 

During a 2 year-long mission some movement of the soil may 
occur as a result of winds. Occasional imaging could provide 
observations of how the dust is deposited and removed near 
small scale positive and negative topographic features which 
would be relevant to the problem of Martian albedo feature 
generation. 

4. Condensation Processes 

In winter and in the early morning hours surface condensation 
of water and CO 2 ices may be observed at some sites. The 
determination of the temporal history of ices (which would 
involve several images) would be of considerable interest 
since there are many poorly understood problems involving 
water processes and polar cap phenomena (e.g. does wind 
drifting of GO 2 ice play an important role in determining 
the rate of retreat of the caps ) . 
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Camera Development 


Work Is in progress at the Naval Research Laboratory to fabricate 
a complete camera unit (lens, CCD detector, electronics, and mechanical 
support) and shock test the unit up to 20,000 g's. The tests and 
evaluation will be finished in October 1976. 
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Abstract 

The scientific objectives of a chemical analysis on 
a Penetrator- type Mission are discussed. The status of the 
development of the Alpha Particle technique with alpha, proton, 
and X-ray modes is presented via a reprint of an article appearing 
in Nuclear Instruments and Methods. Recent shock tests on com- 
ponents have shown that detectors and collimators can survive 
accelerations comparable to those expected on Penetrator 
implantations . The collimator films need further development . 

The recent soil penetration tests indicate that the material 
around an implanted Penetrator may be contaminated and modified. 
These tests suggest that a sample acquisition mode be developed 
for this type of chemical analysis . 
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I. Introduction and Technique Status 

As part of the general development program of the 
Planetology branch of the Office of Space Sciences of NASA, the 
alpha particle technique of chemical analysis that provided the 
first chemical analyses of the lunar surface on the Surveyor Missions 
is being developed for future space missions . This development 
has proceeded in two directions - miniaturization, and development 
of higher accuracies and sensitivities than were achieved on 
the lunar missions in 1967-1968. The present status of this 
program of technique development is summarized in the accompanying 
reprint of an article appearing in NUCLEAR INSTRUMENTS AND 
METHODS (ref. 1). 

This status can be summarized by the statements that: 

1. It is technically feasible to identify and determine 
more than 99% of the atoms (other than H) in a sample on an 
automated mission. The problem of hydrogen determination is 
discussed in an accompanying report. 

2 . Many minor and trace elements can be determined 
down to ppm levels . 

3. Sensitivities and accuracies are continually being 

improved . 

Although the enclosed reprint addresses itself primarily 
to the possibilities on a soft lander of the Viking t3rpe, the 
accuracies and sensitivities quoted there can be approached on 
a Penetrator-type mission. 
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II . Seientiflc Ob.iectiyes of a Chemical Analysis Program on a 
Penetrator Mission . 

A chemical analysis experiment on a Penetrator Mission 
should, of course, take account of the special characteristics 
of such a mission: 

1. the possibility of measurements below the surface 
of the site, and thus; 

a) be less subject to aeoliah-affected surface 

material 

b) have the opportunity of detecting stored 
volatiles (H 2 O, CO 2 ) 

c) conceivably make possible stratigraphic 
measurements along the length of a penetrator. 

2. the possibility of measurements at several sites 

on one mission and, particularly, at sites relatively inhospitable 
to soft landing missions (i.e. rugged terrain, edges of polar 
caps, etc. 

At any one site the scientific objectives of a chemical 
analysis can be divided into two categories : 

1. Chemical characterization of the material at a 
penetrator site. By this is meant the determination of all the 
principal chemical elements with an accuracy of ± <0.57o by atom. 

This objective would make possible, via stoichiometry, 
the following first order deductions about the site: 

a) the general chemical nature of the material 
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(i.e. oxide, carbonate, silicate, hydrated oxide, and relative 
amounts of each) . 

b) the normative mineral composition of the 

material. 

c) the state of oxidation of the material. 

d) the acidity of solutions in contact with the 

material . 

e) the amount of water and/or carbon dioxide 
in the material. 

Information about these items could be deduced, 
even without the direct determination of hydrogen, by the 
alpha particle technique as was demonstrated by the Alpha Particle 
Mars Preprototype Instrtnnent (even without an X-ray mode) (ref. 2). 
The possibility of greater sensitivity for hydrogen than is 
achievable by this technique is described in an accompanying report 
2. Addressing Specifically Martian Problems. 

a) the nature of the atmosphere-surface interaction 
Such an interaction has been very prominent in the earth’s surface 
history, and may well have had an important role in the history 

of Mars. 

b) is sub-surface material a storehouse for 

volatiles (e.g. H 2 O and The importance of a determination 

of volatiles in subsurface Martian material has been emphasized 
often enough not to merit further comment here. 

c) ate chemical elements of significance for 
life (e.g. G, N) present? 
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d) elues to gross geochemical history of the 
planet (e.g. via Mg/Al, K/Ca, Na/Mg, Fe/Mg ratios). 

e) following up on Viking results. 

3. Analysis of the local atmosphere, for example, for 

N 2 and Ar. 
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m • Adaptation of the Alpha Particle Instrument for a 
Penetrator Mission . 

This has proceeded along the following lines: 

a. Miniaturization of the instrument. In addition to 
the "Mini*Alpha" instrument described in the reprint, a model 
has been built of a "Micro Alpha" instrument (fig. 1). This 
concept has been described previously (ref. 3). A working instru- 
ment has not actually been built, but the figure illustrates the 
miniaturization that is possible — adequate to fit easily into the 
confines of a penetrator envelope. This version of Micro Alpha 
was designed to examine a sample through a port in the wall 
after emplantation of the penetrator. As discussed below, this 
concept of instrtunent operation will be reconsidered in the light 
of recent penetrator test results showing appreciable soil 
modification upon emplantation in certain soils. 

b. Identification of critical components of an instru- 
ment that should be checked for compatibility with the environmental 
constraints of a Penetrator Mission. For an alpha particle 
instrument these appear to be: 

1. Solid state semiconductor detectors 

2. Alpha sources 

3. Source collimator and films 

4. Joule-Thomson cryostat for cooling the Ge X-ray 

detector . 

The principal environmental requirements of a 


Penetrator Mission to Mars are survival of sterilization and of 
accelerations up to 2000 g. 

c. Environmental teats to identify problem areas in 
this list of components. 

Measurements had .previously shown that semiconductor 
silicon detectors of the type being considered could be sterilized 
(ref. 2) . Measurements have also been made showing that the 
intrinsic Ge detectors (of the type useable in the X-ray mode) 
could survive sterilization (ref. 4). 

Many years ago, silicon detectors had been shown to 
survive acceleration of up to 1800 g. More recently some of 
these detectors have been tested with the air gun at Sandia 
at accelerations of up to 3500 g. Included wex's samples of the 
proposed thin alpha (30 ]i thick) and proton (300 pT^^t^dr's. 
Examples of the detector behavior before and after testing are 
shown in fig. 2 and 3. The results of these shock tests on 
detectors are summ^ized in Table I. 

A CdTe detector , of the type being considered for 
the X-ray mode (see below) has been shock tested by A. Metzger 
of Jet Propulsion Laboratory. It appears to have suffered no 
damage at 2200 g (private communication) . 

A few collimators and collimator films have also been 

subjected to shock tests (Table I). The cantilever suspended 

collimators survived; however the films did not. The cause of the 

failure is being investigated and conceivably could be flexing 

of the collimators. This will be studied further, although 
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possible changes in orientation of the instrument in the penetrator 
(see below) may alter the critical direction of these shock tests. 

There has been no opportunity to test alpha sources, 
since these are not available. 

d. Tests on Cd/Te X-ray detector. The operational 
advantages for a Penetrator Mission of an ambient temperature 
semiconductor X-ray detector over a Joule-Thomson cooled Ge 
detector are so great that an effort is being made to keep abreast 
of developments in this detector field. Although such detectors 
are at present inferior in resolution to cooled (to less than 
-120°C) Ge detectors, they are rapidly being improved. K. Zanio 
of Hughes Aircraft, a leader in this field of research, provided 
a detector t:o make possible familiarization with the characteristics 
of such a detector. Fig. 4 shows a spectrum of ^^^Am photons 
obtained with this detector at -5°C. The resolution illustrated 
is already comparable to that with proportional counters. Zanio 
(ref. 5) has been able to achieve a resolution. of 1.9 keV at 
29 keV and has seen the 3.9 keV L X ray of iodine. Work at other 
laboratories (see fig. 5) shows that 1.5 keV FWHM resolution can 
be achieved at 5.9 keV with such detectors at 20°CI 
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TABLE I. 


SHOCK TESTS ON COMPONENTS OF ALPHA PARTICLE INSTRUMENT 


DETECTORS 


Proton 

(500 u) 

2 

pass 

3500 

g 

(Perp) 


Alpha 

(30 y) 

2 

pass 

3500 

g 

(Perp) 


Proton 

(500y) 

2 

II 

II 


(Angle , 

45°) 

Alpha 

(30 u) 

1 * 

II 

ri 


(Angle , 

45°) 

Collimators 


4 

pass 

3300 

g 



Films (VYNS. 

AI 2 O 3 ) 

3 

failed at 

below 

3300 g 



*One of the thin alpha detectors was damaged in operation before 
shock testing. 
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IV. Sampling Considerations on a Pen^crator Mission. 

The original concept of performing a chemical analysis 
by the alpha particle technique on a Penetrator Mission involved 
examination of a sample through an opening in the wall. This 
motivated the instrument configuration of Micro Alpha (illustrated 
in Fig. 1). This approach had the virtue of simplicity and was 
encouraged by the results of visual observation that showed 
little or no soil modification around emplanted small-scale 
penetrators . 

The recent full-scale tests in moist loess in Nebraska 
(see ref. 7) indicate that this approach is unreliable. In the 
case of the test where the soil has been examined, the material 
just outside the emplanted penetrator had been converted to a 
glass (up to about 50 y) and both contaminated grossly with nose 
cone components (Fe, Co, Ni, Mo) in non-proportional amounts, and 
modified even in the relative amounts of purely soil constituents . 
These chemical changes appear to peter out beyond 2 mm, but 
certainly make untrustworthy a mission operation that involves 
examination of the material just outside the penetrator. 

Thus a credible alpha particle experiment for a 
Penetrator Mission will require either a sample acquisition pro- 
cedure or the preparation of a clean sample outside the penetrator. 
The former approach appears more realizable at present. For 
example, a spring-driven drill might be used to bring in a 
sample from which the contaminated portion could either be 



removed, or diluted enough to be suitable for analysis inside 
the penetrator. This appears feasible from a loess-type material; 
its feasibility from a basalt-like material needs to be investigated. 
The molybdenum content of the nose cone of the penetrator appears 
to be high enough, the molybdenum content of most natural materials 
low enough, and the analytical sensitivity of the tech;i.ique good 
enough so that contamination of the sample could be monitored 
at significant levels. 
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Figure 1. "Miero Alpha" - Possible Geometrical Relationships 

of Sources, Detectors and Sample for an Alpha Particle 
Instrument on a Penetrator Mission. The sample is 
examined through an opening in the penetrator wall . 
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Figure 3. Behavior of Proton Detector before and after subjection 
to 3500 g along plane of detector. 
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Figure 4. Response of CdTe dete 
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Response of n-type CdTe detector to Fe detector 


to ^^Fe X rays (ref. 5) 
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APPENDIX a 


DEVELOPMENT STATUS 
OF A 

GAMMA PAY SPECTROMETER 
FOE A 

MARS PENETRATOR MISSION 

Albert E. Metzger and Richard H. Parker 

Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 9H03 

ABSTRACT 

This report describes a gamma-ray spectrometer capable of making a chemical 
analysis on a Mars Penetrator mission. The science objectives are discussed. The 
components of flux expected are extrapolated from the performance and data analysis 
of the Apollo lunar-orbiting experiments. Elements which can be detected include 
Th, TJ, K, by their naturally occurring gamma-ray emission, and most major elements 
■with an abundance greater than 1-?.^ ■^rhich are characteristically excited by cosmic 
radiation. Bound and free water can be detected in the form of H, both by observ- 
ing the H(n,y)D line and by obser-vdng the line shapes of other neutron induced 
lines after neutron moderation by hydrogen. The gamma-ray spectrometer technique 
samples a volume on the order of a cubic meter so that material alteration in the 
immediate vicinity of the penetrator is not an impediment . 

The selection criteria for the gamma-ray detector to be employed is reviewed 
as well as results of acceleration tests on typical components. Several designs 
of a detector assembly are compared leading to the selection of one which is now 
being fabricated as an integrated feasibility test unit. 

Finally, potential intereference by the ETG used for electrical power on the 
Penetrator is discussed and future tests are described. 
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Introduction 


The lun€u:-orbiting gamma-ray spectrometer experiment flovn on Apollos 15 


and l6 provides a basis from which to project the functional requirements, 
performance, and data analysis techniques for a gamma-ray spectrometer which 
could be incorporated in a surface penetrator probe. Figure 1 shows a gamma- 
ray spectrum obtained in lunar orbit and the constituent contributions into 
which it has been analyzed. These are a) a strong, featureless continuum which 


is the resulx of a multiple scattering cascade produced by high energy cosmic 
ray particles in the lunar surface, b) primary cosmic ray induced radiation in 
the detector, c) radiation induced in the detector by secondary, mostly lunar 
albedo, neutrons, d) lines of activated species produced in the local, mass 
around the detector by both cosmic ray particles and secondary neutrons, 
e) bremsstrahlung produced by high energy interplanetary electrons interacting 
with material in the vicinity of the detector, f) the cosmic gamma-ray flux, 
g) component resulting primarily from the interaction of cosmic ray particles 
with spacecraft material, to which can be added any residual natural radio- 
activity, and finally, but most importantly for this experiment, h) the spectrum 
of discrete lines containing the lunar compositional information. These com- 
ponents are more fully discussed in Bielefield et al., 1976. Their separation 
has been accomplished through the analysis of various modes of operation of 
the Apollo experiment, the irradiation and post-flight measurement of detectors 
on the Apollo 17 and Apollo-Soyuz missions, accelerator experiments and 


theoretical cEilculatlons. 
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The discrete-line lunar spectra he.ve "been analyzed for their character- 
istic gamma-ray emission intensities by several techniques, viz., a spectrum 
unfolding routing based on a set of library functions, photopeak analysis, 
integration over selected energy intervals, and correlations with lunar sample 
compositions (Bielefeld, et al., 1976). A physical model based on the neutron 
energy flux distribution, reaction cross sections and gamna-ray yields serves 
to translate the computed photon flux into concentrations (Reedy, Arnold and 
Trombka, 1973 ) . 

The effective depth of san5>ling by gamma-ray spectroscopy amounts to 
several tens of centimeters. Emplaced below the surface in a penetrator it 
will therefore see a large volume of material unaltered by the emplacement 
process. In this important respect it complements a combined alpha scattering/ 
x-ray fluorescence instrument which cam sample only a thickness of microns to 
about a millimeter. 

The observed intensities of the various gamma-ray signal and background com- 
ponents will be altered by locating the experiment one to several meters below 
the surface rather than at some tens to hundreds of kilometers above it. The 
characteristic gamma-ray lines, which arise from the decay of the primordial radio- 
active nuclei as well as from reactions induced by the incident cosmic ray flux, 
will be enhanced relative to an orbital experiment by the ratio of solid angles. 
This amounts to an increase by a factor of about 3 in comparison to the Apollo 
experiment. An additional enhancement occurs below the siirface for induced reac- 
tions, since the intensity of neutron fliox which gives rise to this component 

2 

builds up with increasing penetration to a maximum at 80-100 g/cm and then begins 
to -oline (Figure 2). At one meter, the gamma-ray emission due to induced 
activity will be about five times greater than at the surface. In the same 
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»Mner, the background eoc*®nenta arising from multiply-scattered cascade 

reactions and from other secondary particles the cascade will be similarly 

increased by the Increase In solid angle, as well « by the depth dependence 

of the secondary multiplication process, me primary cosmic ray flux will be 

largely dissipated In the first meter of surface material so that radioactivity 

from this source in the detector and surrounding materials wlu be considerably 

reduced. Both the bremsstrahlung from Interplanetary electrons and the 

gemma-ray contributions will be eliminated. Badiatlon from the radlolosotoplc 

thermoelectric generator (BTO), which Is to serve as the power source of the 

penetrator. Is an Important consideration and will be treated separately below. 
Objectives 

Chemical Information about planetary bodies Is of fundamental Importance 
In charactericing their present nature, past history and the overall evolution 
of the solar system. Some of the desired Information about Mars, such as the ' 
general nature of major topographical areas (Including basin floors, old crater 
plains and shield volcanoes) can be obtained as wc-U or better from orbital 
surveys with analytic Instruments such as the gamma-ray spectrometer (Haines, 
hmold and Ifettger, 1976). Certain other objectives are practical only by 
means of a surface or subsurface experiment. The latter Include the association 
Of a measured composition with small scale local characteristics - such as topo- 
graphy, albedo, heat flow, etc, the occurrence of compositional variations with 
depth Which may represent a distinctive earlier period of Martian history, now 
overlaid by bore recent deposits resulting from processes of erosion and trans- 
port, and the detection of permafrost which may exist a meter or two below 
the surface . 
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The elemente lo be naasered by the Instrument described belov, wlU be 
thorium, potassium. Iron, titanium, magnesium, silicon, oxygen and hydrogen. 
Except for the latter, which Is absent In that part of the moon surveyed to 
date, aU were Identified In the Apollo data with significant sensitivities. 


Tte most likely additions to this list. If the net signal to background ratios 
can be Improved, either by the environment for the experiment or by Instru- 
ment design, are aluminum, uranium and calcium. 


Choice of Detector Type 


Several posslhllities for the choice of gamma-ray detector existed at the 
start of this task. These included: 

1. Ge detector and cooler 

2 . Cdite detector 


3 • Scintillator -photodiode 
Seintillator-phototuhe (PMT) 

The germanium detector was eliminated from consideration (despite being the best 
choice in terms of sensitivity) due to the engineering difficulties 
associated wl.h cooling a detector of the required site for periods of an .hour 
or longer. Tie CdTe detector, with resolution comparable to the sclntlllator- 
PKT combination, was reluctantly excluded (despite the advantages of lower 
weight, smaUer volume and ruggedness It offers) due to the high cost and 
uncertain prospects of developing the 5-10 cm^ detector volumes required to 
measure gamma rays which have energies up to 10 MeV. 

The photodiode-scintillator approach was rejected due to the Inability 
Of photodiodes to provide the required energy resolution for the low level light 
pulses from the sclntUlator. By process of elimination we arrived at the photo- 
tube-sclntluator class of detector assembly. ihe deslga was further defined 
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by a choice of Csl(Na), Instead of Nal(Tl) with its slightly better resolution, 
because of the superior rxiggedness of the former. 

The size of the scintillator is dietat ’ by trading the requirements for 
good counting statistics (large area and adequate photon detection efficiency) 
against system constraints of small volume and low mass. The size of the 
phototube is also dependent on optimizing the conflicting requirements of good 
energy resolution, which calls for a diameter of 5 cm or greater, versus 
mechanical strength, and a sufficiently small volume, and mass. 

Acceleration Tests 

We have tested the two most critical components which might be incorporated 
for a gamma-ray spectroscopy experiment in a penetrator mission, i.e., the 

photomultiplier tube (PMT) and a scintillation crystal of Csl(Ha). 

The maximum deceleration loads expected M-e 2000 g for 13 ms - corresponding 
to a one -meter penetration in a porous basaltic rock. Tests were performed 
at the Sandia Corporation in Albuquerque, New Mexico, using a drop table 
facility for levels up to 1000 g and their 5.5" air gxm for levels above 1000 g. 
Two EMR-5^3 2" PMf’s successfully experienced multiple loads up to 2000 g for 
7 nis along the IMP cylindrical axis and, for one of them, also along a vector 
at 12. to this «ocis. A third 2'* PMT (S/n I 78II) catastrophically failed at 
3500 g for 7 at 12.1*'° to the PMT axis after successfully passing lower 
levels. Three EMR-5*<-l I-3/8" PMT's successfully completed loads up to 2000 g 
for 7 ms axially and one at 20° to the cylindrical axis. One 1-3/8” PMT 
(s/n 20266) successfully experienced a load of 3500 g for 7 ms at 20° to the 
PMT axis. The 2" Csl crystal succesir;fully experienced a load of 2100 g for 
6 ms along the cylindrical axis. The monitored values of energy resolution 
and gain for one tube of each type and the crystal are shown in Tables 1, 2, 
and 3* In every case, from the measurement at Sandia prior to the first shock 
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test through the post-test measurement at JTL, resolution was essentially 
tmeheuged and gains were not affected hy more than a factor of two. Gain changes 
of less than a factor of about five are not serious as they can be compensated 
by a simple command capability, A picture of one of the PMT's tested is shown 
in Figure 3* The complete test report is included here as an appendix. 

A CdTe crystal was also shocked at 2000 g. Microscopic inspections showed 
no evidence of any damage. A subsequent test with an active CdTe detector was 
not pursued after our decision to concentrate on a scintillation detector was 
made. 

Integrated Detector Assembly 

Having shown that the sensor components for a scintillation detector can 
survive the mission shock levels, the next task is to fabricate and test 
a combined crystal/PI€T assembly. 

The detector assembly choices considered were; 

a) 2” X 2" diam. scintillator and 2" PMT 

b) 2" X 2" diam. scintillator and 1-3/8" PICT 

c) 3" X 1" diam, scintillator and 1-3/8" PMT 

Both a) and c) offer resolution for the 662 keV line of Cs-13T less than 9-^ while 
b) will have poorer resolution (predicted as s 13 * 550 ) due to light losses at the 
diameter mismatch. The counting efficiency of c) is expected to be about 2.5 
times lover than that of a) or b) and thus require 2.5 times more power (as 
operating time) in order, to provide the same counting statistics. The overall 
length of a) is 25.6 cm (IO- 3 / 16 ") that of b) 18. U cm (7-1/4"), and that of c) 

21 cm (8-l/4")i Since the arrangement of the assembly in the penetrator must be 
with the deteetor-PMT £ixis aligned parallel to the penetrator axis, the end area 
of the detector is shielded by the penetrator mass from Martian material. Thus 
the ratio of efficiency factor for the 2" x 2" scintillator to the 3" x 1" scintillei-or 
is larger than might be expected from end -on detection. 
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Table 4 presents a summary comparison of the three assemblies. From scien- 
tific considerations a) is the best choice, wl \e relative to systm integration, 
b) or c) are better. Assembly b) offers good efficiency, minimum length and 
intermediate mass at the cost of energy resolution. Since assembly b) represents 
a reasonable compromise as the requirements for science and engineering are pre- 
sently understood, and in order not to exclude future consideration of either 
case a) or c), it has been decided to choose case b) since the latter is also 
the most mechanically susceptible of the three. Thus the 2" x 2" diameter 
scintillator with a 1-3/8" PMT will be shock tested in the air gun facility at 
Sandia in August 1976. This integrated system, which is being fabricated by EMI, 
is shown in Figure 4. 

The integrated assembly will occupy a volume of 33^ cc with an estimated 
weight of 1.3 kg. The flange will not be needed for a flight unit. V7itU the 
Apollo gamma-ray spectrometer as a baseline, the power required for an entire 
instrument will be not more than 1.2 watts and may be reducible to 0.8 w. This 
is without considering the functional relationship between the gamma-ray and 
alpha-x-ray instrument, namely, that most of the electronic systems can be shared 
if weight, volume, and power must be kept to an absolute minimum (Harrington, 
and Metzger, I969). In the latter case, not more than 300 mw of power would have 
to he assigned specifically to gamma ray spectrometer subsystems. With the 
integrated assembly of Figure k, the additional electronics required by the 
speetrorneter could easily be placed around the photomultiplier tube without 
exceeding the 2^" o.d. (sans flange) of the design or adding to the existing length. 
RTG Effects 

The RTG power source generates radiation fluxes of neutrons and gamma-rays whic 
will both degrade and enhance the sensitivity of the gamma-ray experiment. Gamma-ray 
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emission results from impurities in the processed Pu-238 fuel as well as daughter 
products from the decay of the Pu-238 Itself. The dominant gamma-ray line 
(2.614 MeV) can be reduced by as much as a factor of 20 con5>ared to the Pioneer 
10 and 11 ETGs if a specially processed grade of Pu-238 (i.e. medical grade) is 
utilized. While a final Judgment will be deferred until mx} tests can be made 
under conditions which approximate the geometry of use, the use of the medical 
grade of fuel is expected to be a necessity. There will still be some gamma ray 
background from the decay of the fuel and this contribution will build up with 
time, but prefiight (and possibly in-flight) calibration tests will provide a 

good identification of this component, which incidentally emits no flux of gamma 
rays above 2.6l MeV. 

The neutron flux generated by an RTG rated at I5 thermal watts will be about 
10 n/s (4 t) with a spectral distribution from thermal to MeV energies. Such a 
neutron flux can produce measurable activation in a scintillation detector. A 
laboratory experiment in which a Nal detector was exposed to a Cf-252 source to 
simulate the neutron flux of an RTG, gave a very pronounced 15-hour decay from 
Na-24 after removal of the detector from the source (Campbell, I975). Scaling 
the neutron flux level, the source -detector separation, and detector efficiency 
to the projected penetrator configuration gives a detector backgrottnd rate which 
reaches a steady state rate of approximately 100 c/s MeV at 1 MeV after nine 
months in space. The rate will be higher if multiple penetrators are in proxi- 
mity, but will decay toward a one penetrator steady state value upon separation 
of each penetrator from the mother spacecraft. This calculation makes no pro- 
vision for neutron attenuation in the mass between the RTG and the detector or 
for the use of neutron shielding at either the RTG or instrument. For example, 
if the neutron attenuation erossection in the penetrator material has an effective 
value of 0.7 barns, then the neutron flux on the detector will be reduced by a 


factor of 20. 


■Bi. neutron flux from the KK „in nlno .ctlvete the materiel of the pane- 
trator with a reeultant proauction of eamm. rays. ■«, estimate the magnitude of 
this effeet, the entire mss of the penetrator was taken to he Iron, «ih a one 
meter separation hetveen the Em and the deteetor. Hlth consideration of the 
solid angle of the penetrator mass relative to the KK, and of the absorption 
Of ga»m-rsys fro. the place of production to the detector, a one bam cross- 
section, and making an aUowanee for mass voids In tha penetrator, a counting 
rata of 200 c/s was computad. This is about the same level of activity ekmcted 
at 1 M.V in the ahsence of an im, and mounts therefore to' a serious enhancement 
of the background with a resultant degradation In sensitivity by Ji on average, 
somwhat more with the inclusion of detector activation. However, this estlmte 
reflects a generalised worst case sltuatlou In which neither neutron attenuation 
by the mass o' the penetrator, nor the use of shadow shielding t,; reduce the 
neutron flax has been considered. Both will materially reduce the' activation 
effect Of the neutron flux. In susmery, the calculated EK background Inter- 
ference does not preclude conduct of the experiment, but is significant and 
ious enough for concern and for attention to methods, principally via the use 

Of limited neutron shielding, of redncing the level to a fraction of that from 

the cosmic ray flinr. 
liydrogen Detection 

in addition to the elements identified In the Apollo gsmma-ray lunar data, 
the scintillation deteotor is also sensitive to a line from the reaction 
H + n - D (B, » 2.23 Mev). Ibis line was apparently seen in the Apollo data as 
a result of Imar albedo neutrons Interacting with a plastic scintillator placed 
around the Nal detector for the purpose of vetoing charged particles. Any 
hydrogen present In, for example, H^o, near tha surface of »mrs wiu interaot 
with secondary neutrons from cosmic rays or the neutron flux of the RIG to 
produce this line. An Ulustratlon or this Is shown In the spectrum of Figure 5, 
the result of a laboratory simulation test In which e Bl target enclosed In . 
volume Of water was irradiated by a Cf-252 mcurce. Ibe gm.ma.ray spectrum was 

smasured by a 3 ” x 3 " Bal detector. A characteristic neutron capture line 
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is seen at 8.99 MeV with its two escape peaks, but the dominant feature is the 
2.23 MeV line of hydrogen. Applying normalisation factors for the neutron flux 
level, the energy moderating effect of the hydrogen concentration on the neutron 
energy spectrum, detector size, counting time, source-detector geometry, and 
expected backgrounds due to the scattering and activation reactions from the 
cosmic ray flux and the KTG neutron flux, we estimate a 3ff minimum detectable 
limit for the detection of hydrogen of about 0.3^ by weight (2^ by atom). 


Future plans 

During this first year, our principal effort has deliberately been devoted 
to the selection of the most suitable sensor and a demonstration of its feasi- 
bility in terms of the specified shock environment. This has been largely done 
as described above and will be completed with a successful test of the integrated 
assembly. Following this, the value of including an anti-coincidence shield to 
suppress the charged particle count and the possibility of using Nal instead of 
Csl will be addressed. At the same time we intend to continue some consideration 
of other possible sensors such as CdTe. When thermal profiles for the penetrator 
after emplacement become available, the opportunity to use a high resolution 
germanium detector will be re-evaluated if the predicted temperature Is low enough 
so that a cooler such as the small Joule -Thompson system being developed for a 
combined alpha scattering/ x-ray fluorescence experiment (Franzgrote, 1976) could 
be used to cool the detector to a satisfactory operating temperature of 125 K. 

In the coming year we intend to emphasize studies of the type shown in 
Figure 5 and discussed in the section on BTG effects in order to define the science 
capability of this experimeni; more precisely. Besides laboratory simulation 
tests and calculations, we will be seeking access to an actual and/or simulated 
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RPG for 'tes'bs to verify our estim&tes of charfiGterlstlc line production as well 
as the magnitude of detector and local (penetrator) activation background, A 
neutron transport calculation will be performed as part of this effort. Another 
useful experiment will be to surround a detector with several tens of centi- 
meters of monoelemental or rock material placed in a flux of protons 1 GeV or 
greater in energy. Such a measurement will simulate the response of a sub- 
surface gamma-ray spectrometer to the incident cosmic ray flux. We have performed 
similar accelerator tests before, most recently at the Argonne National Laboratory’s 
Zero Gradient Synchrotron where a variety of detectors and thick targets were 
irradiated with 6 GeV protons for the purpose of studying the resultant prompt 
and delayed induced activities as an analogue to the cosmic ray flux incident 
on the surface of planetary bodies. 

Finally, by placing the gamma-ray source and detector on the order of 
0.5-1 meter apart and with the line of sight well shielded from directly inci- ’ 
dent gamma-rays, a measurement of the degree of gamma-gamma scattering is a 
well established technique for determining the density of the surrounding medium. 
This added capability of a gamma-ray spectrometer experiment will be investi- 
gated relative to the characteristics of the RTG and the penetrator configuration. 
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Table 1 


Pl'fT or Crystal 

Acceleration/Duration^ 

(e)/(mB) 

Orientation of 
Axis to Accel. 

Resolution 

(i) 

Gain 

(Relative ) 

381 

2" s/m ITTd'j 

Pre-JEL/liA 

NA 

9.20 


O-Sandia/WA 

MA 

8.50 

509 


252/21 

0® 

8.60 

487 


950/6 

0° 

8.76 

478 


1500 / 4.5 

0 ° 

8.55 

493 


2000/7 

0 ° 

8 . 4 o 

488 


2050/6 

12 . 4 ® 

8.75 

507 


Post-JH- 

0 °/ 12 . 4 ® 

9.00 

317 


PMT or Crystal 

Table 2 

Accelerat ion/Ourat ion^ 

(-6)/(k) 

Orientation of 
Axis to Accel. 

Resolution 

(%) 

Gain 

(Relative ) 

1-3/8" s/n 20266 

Pre-JPL/NA 

NA 

19.36 

2,98 


0 -Sandia/NA 

MA 

15.57 

4.80 


24 o /20 

20° 

16.60 

4.33 


620/9 

20° 

i 4.28 

6.77 


900/6.5 

20 ° 

15.21 

6.88 


- 3500/-7 

20 ° 

15.55 

6.66 


Post-JPL 

20 ® 

14.42 

4.60 


a - The duration is the full width at one-tenth maximum 
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Table 3 


PNIT or Crystal 

Accelerat ion /Ourat ion° 

Orientation of 

Resolution 

Gain 

(g)/(ros) 

Axis to Accel. 

(i) 

( Relative ) 

2" CsI(Na) 
S/k ha-634 

Pre-JPL/NA 

NA 

10.31 

15.9 


0-Sandia/NA 

NA 

10.70 

16.3 


900/6.5 

0 ® 

11.01 

14.6 


21GG/6 

G® 

10.52 

14.5 


Post-JPIL 

0 ® 

10.88 

12 . t 

a - The duration 

is the full width at one -tenth 

maximum 




Table 4 


Detector 

Assembly 

Scintillator 

Size 

PMT 

Diameter 

Resolution 

(il .. 

Efficiency 

* 

Mass 

Volume 

Length 

a) 

2" X 2" Dia. 

2" 

s 9 

2.5 

2.5 

3.0 

25.6 

i>) 

2" X 2" Bia. 

1 - 3 / 8 ” 

^13. 5 

2.5 

2.3 

1.8 

18,4 

c) 

3” X 1" Dia. 

1 - 3 / 8 " 

s 9 

1.0 

1.0 

1.0 

21.0 


Relative to c) 
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Figure 1, Apollo Gamma Ray Spectrum {total spectrum, background 
components, and line spectrum shown) 
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Figure 2. Lunar Differential Particle Fluxes at 

Depth produced by Cosmic Rays (Reedy and 
Arnold, 1975) 
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Figure 5. Spectrum from Irradiated Ni Target Surrounded by Water 


APPENDIX D-1 


REPORT ON ACCEI.ERATION TESTS 


OF GR3 COMPONENTS 


Introduction and Summary 

The Ames Research Center is conducting a study of a surface penetration mission 
to Mars. Under this study we have tested the two most critical components which 
might be incorporated in a gamma ray spectroscopy (GRS) experiment on such a penetrator 
mission. These are the photomultiplier tube (PMT) and a scintillation crystal of 
CsiCNa). The masimum deceleration loads expected are 2000g for 13ms— correspondxng 
to a 1 meter penetration in a porous basaltic rock. Tests were performed at Sandia 
Corporation in Albuquerque, NM, using a drop table facility for levels up to lOOOg 
and the 5.5” air gun for levels above lOOOg. Two EMR-5A3 2" PMTs successfully experi- 
enced loads up to 2000g for 7ms along the PMT cylindrical axes and also one PMT 
along a vector at 12.4° to the PMT axes. One 2" PMT (S/N 17811) catastrophically 
failed at 3500g for 7ms at 12.4° to the PMT axis. Three EMR-541 1-3/8" PMTs suc- 
cessfully completed loads up to 2000g for 7ms axially and one at 20° to the PMT axes. 
One 1-3/8" Ptn (S/K 20266) successfully experienced a load of 3500g for 7ms at 20 
to the Pbrt axis. The 2" Csl crystal successfully experienced a load of 2100g for 
6ms along the cylindrical axis and since we have shown that the components can 
survive the mission shock levels, the next task is to fabricate and test a combined 
crystal/PMT assembly. This attempt is scheduled for August 1976. 


Methods 

Three reject 2" and three 1-3/8" PMT were purchased from EMR Photoelectric, the 
tubes were rejected for non-mechanical reasons and were adequate for the functional 
tests. A 2" diameter by 2" high cylindrical CsI(Na) scintillation crystal was 
purchased from Harshaw Chemical Company. The PMTs were characterized at JPL and 
Sandia as to gain and resolution prior to and after shock testing using the elec- 
tronics diagrammed in Figure 1. The crystal was characterized as to gain and 
resolution after a 20 minute warm up using the same preamp and amplifier, while 
Sandia provided the power supply, pulser and multichannel analyser. NBS calibrated 
isotopes (^^Na - 511 keV and 1.278 MeV; - 662 MeV) were used to excite both 

a 2" Nal(TI) crystal (lab-standard) for the PMT characterizations and the CsI(Na) 
being shock tested. 


The components were potted in aluminum test fixtures with damp brown sugar. 

The fixtures were then placed in a vacuum oven and heated to +55*^C while pumping 
for A hours. This potting technique has been used routinely at Sandia for tests • 
up to 20,000g. During the packing of the 2" PMTs much of the excess rubber near 
the photocathode end of the tube was scraped off. However, this had no apparent 
effect on the tubes’ response characteristics. 

Five fixtures were used— four for the PMTs and one for the Csl crystal. Two 
of the fixtures vjere such that the acceleration loads were at angles to the tube 
axes. For the 2” (model 543) tubes and 1-3/8” (model 541) the angles were 12.4 
and 20° respectively. The alignment accuracy during the potting is estimated to 
be 0.5°. Both other PMT fixtures held simultaneously a 2" and 1-3/3" PMTs. The 
crystal fixture was an available Sandia device which allowed the crystal to be 
shocked along the cylindrical axis. Since the fixtures were longer than standard, 
single piston air gun firing were required. This means that tests below I300g 
could only be performed on the drop table. Figures 2 and 3 show typical accelera- 
tion curves for the drop table and air gun, respectively. 

Results 

Table 1 shows the test results. In every case, from the measurement at Sandia 
pricr to the first shock test through the post-test measurement at JPL, resolution 
was essentially unchanged and gains were not affected by more than a factor of 2. 

Gain changes of less than a factor of 5 are not serious as they can be compensated 
by a simple command capability. All the pre-shock data at JP! show higher resolution 
for the PMTs and most show a lower gain than any of the other data. This is not 
considered to be representative of changes in the components since that data was 
taken under somewhat different circumstances. Thus a combination of noisy power 
lines and differences in crystal/P>n: optical coupling is thought to explain this 
variation. This early set of data nevertheless does Show the same relative char- 
acteristics between PMTs which is seen throughout all the tests. 

In order to obtain an indication of a margin, one PMT of each size was tested 
at 3500g for ?ms. The air gun acceleration data for the 1-3/8" firing (#16) was 
lost due to an accelerometer malfunction. However, all Settings were identical to 
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the previous firing and we assume the acc laration level and duration were like> 
wise identical. Acceleration level and duratiGn uncertainties of +10% are assumed 
for test #16. Since the 1-3/8" PMT passed this severe test, it appears that extreme 
confidence is warranted for EMR 5Al PMTs to survive a penetrometer mission impact. 
The 2" Vms all met the maximum levels required for a penetrometer mission but the 
margin is less than 75%. Again a high level of confidence is warranted for EMR 
543 PMTs. Further fatigue examination will be performed on the PMTs by Dr. Otmar 
Sackerlotsky at EMR*s Princeton, New Jersey facilities. 

The 2" CsKNa) scintillation crystal visually appears to have displaced a 
small amount of the reflectance powder between the crystal and glass cover. How- 
, ^er, no damage occurred in the crystal and the energy resolution was not affected. 
Thus a high degree of confidence can be placed in the ability of GsI(Na) crystals 
to suxvivG 3 . penctiTOiufitGi.* mission impact • 

Conclusions 

GRS components can survive the predicted environment if they are properly 
integrated into an instrument. The next step in demonstrating the feasibility of a 
GRS experiment on a penetrator mission is to shock test a detector assembly which 
consists of the crystal and PMT optleaAly coupled to each other. This is scheduled 

for August 1976. 


Our sincere appreciation is expressed to the personnel at Sandia Corporation 
for their assistance and cooperation during these experiments. In particular, 

Mr. Eric Reece and Mr. Bill Burns were indispensable. 
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Table 1 


Acceleration /Duration^ 


EMT or Crystal 

- (r) / (ms) of 

1-3/8" S/N20266 

pre-JPL/NA 
0-Sand la/NA 
240/20 
620/9 
900/6.5 
~3500/~7 
pos t- JPL 

1-3/8" S/N20314 

pre-JPL/NA 
0-Sand ia/NA 
252/21 
950/6 
1500 /4, 5 
2000/7 
1950/8 
post- JPL 

1-3/8" S/N20935 

pre-JPL/NA 

0-Sand ia/NA 

400/14 

950/6 

2000/7 

1550/4 

post-JPL 

2" S/N17785 

pre-JPL/NA 

0-Sand ia/NA 

252/21 

950/6 

1500/4.5 

2000/7 

2050/6 

post-JPL 

2" S/N17811 

pre-JPL/NA 

0-Sandia/NA 

240/20 

620/9 

900/6.4 

3500/7 

2" S/N17941 

pre-JPL/NA 
G-Sandia /NA 
• 400/14 
950/6 
2000/7 
1300/4 
post-JPL 

2 ’ CsI(Na) 
S/N HA- 634 

pre-JPL/NA 

0-Sandia/NA 

900/6,5 

2100/6 

post-JPL 

s " The duration is 

the full width at one-tenth 
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Orientation 
: Axis rtf Accel. 

Test 

Number 

Resolution/Gain 
(%)/ (relative) 

NA . 


,19.36/2.98 

NA 

-- 

15.57/4.80 

20® 

3 

16,60/4,33 

20® 

5 

14.28/6.77 

20® 

8 

15.21/6.88 

20° 

16 

15.55/6.66 

20® 

•- 

14.42/4.60 

NA 

— 

18.82/2.67 

NA 

-- 

14,47/2,67 

0® 

1 

17.54/1,63 

0® 

4 

14.82/2.72 

0® 

6 

16.61/2.34 

0® 

11 

15.41/2.78 

20° 

14 

15.66/2.77 

0°/20° 


15.49/1,85 

NA 

-• 

19.11/4.61 

NA 

-- 

15.49/10.4 

0° 

2 

15.35/9.61 

0® 

4 

16.14/9.26 

0® 

- 

7 

15.65/10.3 

20 

■ O . . ft 

10 

15.29/10,1 

0 /20 

-- 

14.95/6,86 

NA 


9.20/381 

NA 

-iO 

-- 

8.50/509 

0 

1 

8,60/487 

0 

-0 

4 

8.76/478 

0 

6 

8,55/493 

0 

11 

8.40/488 

12.4® 

12 

8.75/507 

0°/12.4® 


9.00/317 

NA 

- - 

9.89/105 

NA 

-- 

8.45/111 

1^.4 

3 

8.80/112 

12.4° 

5 

8.73/112 

12.4 

8 

8.95/112 

12.4 

15 

failed 

NA 

-- 

11.39/54.3 

NA 

-- 

10.61/64.9 

0 

2 

10.18/71.7 

0 ° 

4 

10.41/71.7 

0 

7 

10.36/75.7 

12.4 

9 

10.18/73.1 

0°/12.4° 


10.25/45.2 

NA 

-- 

10.31/15.9 

NA 

— 

10.70/16.3 

0 

6 

11.01/14.6 

0 

0® 

i maximum. 

13 

10.52/14.5 

10.88/12.4 
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MARS PENETRATOR WATER DETECTOR 

Report of FY76 Work 

D uway n e M, Ande r s on 
John F. South 
Fraser P. Fanale 
Allen R. Tice 


Abstract 


Water on Mars is of interest for a variety of plane tological reasons. 

The experimental evidence for water in the Martian atmosphere and polar 
caps, and other evidence together with theoretical considerations suggest that 
there may be large amounts of water in permafrost and hydrated minerals in the 
regolith. The penetrator vehicle provides an opportunity to measure soil 
moisture conditions below the surface of the regolith. 

Various techniques have been considered, to measure soil moisture, with 
greatest emphasis given bo a ^>2^5 hygrometer. A standard Beckman ^2^5 
electrolytic hygrometer sensor element was evaluated from the point of view of 
its general operating characteristics and the feasibility of redesign and recon- 
figuration. It was also subjected to a preliminary shock test at the Sandia 
Laboratories in their 5.5 inch gas gun. The standard Beckman element sur- 
vived these tests in terms of electrical and mechanical integrity although 
recalibration tests showed that the instrument sensitivity to water vapor and its 
dynamic range was reduced. After reconfiguration and careful conditioning of 
the ^2^5 element, five of these sensors survived several shock tests and two 
actual aerial drops with decelerations up to 20, 000 G's. During these tests, 
the redesigned sensors were evaluated in a simulated Mars atmosphere (70% 
CO^, 3 0% Ar, 2 to 10 torr) containing water vapor at the parts per million 
level. Performance in general was satisfactory, from the points of view of 
electrical integrity, sensitivity and capacity. However, in the pressure range 
of 2 to 5 torr, evidence of uneven flow through the element with a resultant 
interruption in the steady instrument reading was obtained, indicating the need 
for additional design work on the sensor tube. Detailed analysis of the gases 
passing out of the sensor showed that the instrument responded only to water 
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vapor and that it had sufficient sensitivity to adequately function as a hygro- 
meter in the Martian environment, in addition to its demonstrated ability to 
serve as an integrating quantitative water detector. This test also showed 
that water vapor absorption and electrolysis was complete under simulated 
Martian conditions. 

During the course of these activities, a possible alternative to P,Ot. as 

^ Ct o 

the active sensor was examined. It is a solid, polymer electrolytic that can 
function in the conductance mode or in the conductance /electrolysis mode. Its 
potential advantages include a wider dynamic range, better mechanical and 
chemical stability, and ease and variety of configuration, 

I, Introduc tion 


There is now little doubt as to the occurrence of water on Mars. It has 
been confirmed as a constituent of the Martian atmosphere in quantities 
roughly corresponding to saturation with respect to ice. The radiometric 
temperature regime determined by measurements from the Mariner orbiters 
have established the fact that Mars is a "permafrost” planet where ice and 
water vapor are the predominant phases of water. The liquid phase can be only 
temporarily stable, if at all, in localized areas. Other forms of water expected 
to be found on Mars include various adsorbed phases, interlayer and zeolitic 
water contained in clay minerals of the regolith, crystalline hydrates, and 
other combined forms. 

The marked mterruption in the retreat of the polar ice cap, combined 
with changes in its radiometric temperature observed by Mariner 9, is con- 
sistent with the view that much, if not all, of the underlying Martian polar 
caps is composed of water ice. Observations of what appears to be ephemeral 
frost and of low-lying clouds having temperatures consistent with water ice 
crystals add support to the view that water ice may be of common occurrence, 
particularly in the regolith where it may have created an ice-cemented 
permafrost. 
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Terrestrial permafrost is formally defined with reference to ground 
temperature only. Composition, including relative water and ice contents, is 
considered only in the classification of permafrost into such categories as 
unfrozen, Ice-rich, ice-eemented, dry, etc. Of course in common usage, 
the term permafrost generally is taken to imply the presence of ice. It is 
necessary to make distinctions, however, and in considering the situation, 
vis-a-vis Mars, there seems to be little justification for departing from the 
conventional terminology of terrestrial permafrost. Thus, the temperature 
regime of the planetary surface and regolith is of primary concern. 


It may be useful to pursue this point a little farther, inasmuch as the 
variation of regolith temperature with depth is centrE.1 to the issue at hand, and 
also is of interest in considering the instrumentation of a planetary penetrator 
for thermal measurements. Figures 1 and 2 show the essential aspects of the 
terrestrial permafrost condition. The near surface thermal regime is illus- 
trated in Figure 1, Points a and b are the mean annual minimum and mean 
annual maximum surface temperatures, respectively. Point c defines the 



Figiire 1. Thermal regime of permafrost, near surface (temperature vs depth) 
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Figure 2. Thermal regime of permafrost, at depth (temperature vs depth) 

average depth of annual thaw and the top of the permafrost table. These three 
points obviously vary somewhat from year to year, but when five year running 
means are employed, they can be reasonably stable points of reference. Point d 
IS the depth of zero annual temperature fluctuation. Notice that below this depth 
the temperature gradient with increasing depth is shown as negative. This is 
characteristic of the north polar regions; its significance will become apparent 
when Figure 2 is examined. 

Figure 2 Ulustrates the thermal regime at depth of the permafrost near 
Prudhoe Bay, Alaska. Point e is the mean annual temperature at the depth of 
zero annual temperature fluctuation and coincides with poind d in Figure 1. 

From point e to point f, the negative temperature gradient gradually declines 
and becomes positive and linear from point f to point g. This has been the 
result of the imposition of warmer surface temperatures caused by the major 
climatic warming that has caused the disappearance of the continental ice 
sheets that formerly covered much of the earth’s land surface. By extrapolating 
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the linear portion of this temperature -deptl^ Relationship upward, an earlier 
mean annual temperature of about -12 “ C can be reduced. From point g downward, 
the positive temperature gradient with increasing depth becomes greater due to 
the difference in thermal conductance between the frozen permafrost above and 
the unfrozen ground below. 

While different with respect to the temperatures associated with these 
various points, the situation on Mars, it seems certain, must be qualitatively 
similar to that illustrated in Figures 1 and 2. Thus, a measurement of temp- 
erature with depth, possibly by means of temperature transducers placed at 
intervals along the penetrator umbilical, is very desirable, even necessary, for 
a complete interpretation of the water content data obtained at the penetrator 
depth. Of course, it will not be possible, in general, to define the curves with 
one penetrator. The data shown in Figures 1 and 2 were obtained from care- 
fully instrumented drill holes that penetrated quite far beneath the lower 
boundary of the permafrost. Nevertheless, even incomplete data of this type 
would be useful. An obvious complication, of course, is that several months to 
a year may be required to damp out the thermal perturbations accompanying 
implantation. 

Returning to a brief recitation of the evidence for the existence of water 
on Mars, there are reports of spectroscopic evidence of hydrated silicate 
minerals among the constituents of the Martian surface, in addition to the 
measured levels of water vapor and the observation of ice clouds in the atmo- 
sphere and of temperatures that. ensure the stability of ground ice, A number of 
specific minerals, montmorillonite for example, have been postulated as being 
present. More recently, detailed examination and analysis of sinuous channels 
visible in the Mariner Mars imagery have led to the belief that these channels 
were formed or subsequently shaped by tlie movement of a fluid that is thought 
most likely to be running water, This implies either atmospheric precipitation 
or the melting and subsequent run-off of water from ground ice, or perhaps 
both. In any case, the evidence for the presence of soil water and perhaps 
massive ground ice is very strong, 


Q ■ 

As mentioned previously, the levels of water vapor known to be present in 
the atmosphere are at or very nearly at saturation with respect to ice. There- 
fore, the measured quantities of atmospheric water give little information on 
the quantities of soil water and ice that might be present in the regolith, 
beyond a certain indication of the presence of water in one or more of its 
possible forms. Present measurements of the polar caps do not reveal nearly 
as much water as can be inferred from the considerations mentioned above. 

The question, then, is; Were such large amounts of water as would seem to be 
required ever present on the surface of Mars, and if so, where is that water 
now? Theoretical considerations suggest that extensive ice-cemented perma- 
frost, mineral hydrates and adsorbed water present in the regolith can account 
for the missing water. A long-term climatic periodicity may account for vari- 
ations in the distribution of water over time and space. Thus, the measurement 
of water in all its possible fornns and in several different representative loca- 
tions is a matter of high scientific priority. 

The mission concept that has been advanced to make these measurements 
is an assemblage of planetary penetrator vehicles. Sample measurements could 
then be taken at the emplacement depth at each site, 

A good soil water detector in this case would be 

1) Specific* for water 

2) Sensitive enough to detect quantities as low as 0. 1% by weight 

3) Able to discriminate among the various possible forms of water 
present 

4) Relatively direct in concept and implementation and 

5) Compatible with a hard landing, planetary penetrator vehicle 

The amounts of ice, frost, snow, adsorbed and chemically bound water, 
ideally, should be determined at various times, locations, and depths in the 
planetary regolith in order to address the most important questions pertaining 
to the hydrology of Mars. 



A number of analytical approaches offer a means of approaching this 
objective, notably thermal evolution, infrared and microwave spectroscopy, 
gas chromatography, neutron moderation and gamma ray scattering and several 
chemical methods. However, for reasons outlined elsewhere (Mars Surface 
Penetrator Mission Instrument Status, Ames Research Center, Feb. 

1975), a method involving thermal evolution of soil water followed by its detec- 
tion and measurement in the form of water vapor has been chosen as an 
approach that satisfies all the above criteria and that probably could be brought 
to tlie flight- qualified stage within two to three years. This is a report of work 
performed toward that end during FY76. As will become apparent, a flight 
qualified water vapor detector based on this approaeh is quite clearly within 
reach, 

II, Water Analysis dbiectives 

Recognizing certain difficulties inherent in the configuration and charac- 
teristics of a penetrator vehicle, particularly the acquisition of a measured 
quantity of undisturbed Martian regolith material, a basic, minimum set of 
objectives that seem clearly attainable has been formulated. These are the 
measurement of the ambient water vapor content of the atmosphere adjacent to 
the emplaced penetrator, and the semiquantitative measurement of the water/ 
ice content in the surrounding regolith. Semiquantitative here means a classi- 
fication of water content as essentially none, a little, or a lot, as may be the 
case if the site is completely dry, if it contains amounts consistent With the pres 
ence of absorbed water and mineral hydrates, or if it contains amounts of water 
consistent with the presence of ice-cemented permafrost. This information will 
be determined as a function of the depth and location of each penetrator vehicle. 

in. Water Detector Selection 

As mentioned in the introduction, the criteria for selection of the ^ 2^5 
electrolytic hygrometer water detector are; 

1) Specificity for water 

2) Sensitivity 
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3) Discrimination among types of soil water 

4) Simplicity 

5) Spacecraft eompatibilily 


The hygrometer suits the selection criteria well. An alternate 

sensor element consisting of a solid polymer electrolyte (SPE) has also 
been identified and given a preliminary evaluation. A hygrometer of either type 
is capable of providing the two essential measurements in the objective. 

IV . Hygrometer Work in FY7 6 

During the past year, activities have concentrated on demonstrating the 
survivability of a P^O^ sensor when subjected to acceleration pulses at levels 
expected during typical penetrator impacts on Adars. Part of this work has been 
accomplished using the 5. 5 inch air cannon at Sandia Laboratories. It was also 
possible during this period to utilize actual drop tests e' penetrator vehicle 
into loess and basalt targets. 

iensQr C onstruction and Operational Principles 

The electrolytic hygrometer sensor element consists basi- 

cally of a pair of rhodium wires spiraUy wound and encased in a plastic tube. 

The tube has an axial hole of approximately 0. 020-inch diameter to permit 
sample gas passage. The inner surface of the tube and the. wires are initially 
wetted with phosphoric acid, then electrolyzed to produce the dry, conditioned 
^2^5 ^I^sorbent/electrolyte. 

When a water-containing sample gas flows through the tube, the highly 
hygroscopic P 2^5 absorbs the water vapor quantitatively, if the flow rate is 
properly regulated, again producing phosphoric acid. An electric field imposed 
by an emf applied across the wires then electrolyzes the absorbed water, wdth 
a current that is exactly proportional to the rate of electrolysis of the absorbed 
water. This is one of the best features of the P^Og sensor; the charge trans- 
ferred IS directly proportional to the amount of water in the sample and may be 
computed from first principles; no calibration is required except as a check on 
the operational system in which the sensor element is incorporated. 
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B. 


Shock Tests 


In a penetrator mission, a basic concern for any type of sensor is its 
ability to survive shock loads typical of those expected during planetary implanta- 
tion. Accordingly, a determination of sensor survivability was set as the first 
objective of the FY76 feasibility study. To accomplish this it was necessary to 
obtain or construct several sensor elements, to arrange for shock loading 

tests at some convenient facility and to construct the necessary mounting 
hardware, etc. , as needed. In order to take advantage, on short notice of an 
early opportunity to use the 5, 5-inch air cannon at Sandia Iraboratories , a 
commercial Beckman sensor was obtained and mounted in a stainless 

steel projectile of suitable dimensions. The response of this element to vary- 
ing conGentrations of water vapor was determined in the calibration- standards 
facility at Sandia Laboratories before and after firing at a velocity that, on 
impact, gave a shock pulse of 2,000 G, 


Subsequent examination and testing revealed that the sensor suffered no 

mechanical damage. It was also electrically intact but there was a noticeable 

reduction in its sensitivity to water vapor at low concentrations with a very 
large reduction in sensitivity at high concentrations. This is exactly what is to 
be expected if the phosphoric acid substrate suffered dislodgement and rear- 
rangement. No special precautions were taken to prevent this and it very likely 
did occur. Since there are a number of ways of preventing this in a reconfig- 
ured sensor, this problem was not considered to be particularly troublesome. 
What is most significant is that the mechanical and electrical integrity of the 

element was preserved, demonstrating at the outset the basic feasibility of the 
approach. 

Time and funds that could be devoted to this effort were extremely lim- 
ited during FY76. Consequently, it was necessary to plan the program so that 
It would be possible, again on very sliort notice, to provide an instrument at 
any time there appeared an opportunity for further snoek testing. As it happened, 
these opportunities were more numerous than expected. Lead times, however, 
were short (as expected) and improvisations were necessary. In the paragraph.s 
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that follow, each test will be described briefly. A summary is presented in 
Table 1. In every case, the sensor element survived the shock pulse and 
operated satisfactorily in subsequent tests. 

The second test was also conducted with the 5, 5-inch air cannoii at 
Sandia Laboratories, A standard Seckman sensor element was placed in a 
reconfigured movint designed so the load would be optimally applied; i, e. , per- 
pendicular to the axis of the sensor winding. The purpose of this test was to 
determine if the sensor element possessed sufficient mechanical strength in 
its standard configuration to withstand the maximum predicted impact for the 
penetrator after body (20, 000 G's). For this test the element was not charged 
with phosphoric acid. After firing, in the 5. 5-inch air cannon at the appropriate 
velocity, physical examination and electrical tests demonstrated that the sensor 
survived undamaged; mechanical integrity and electrical continuity was 
maintained. 

At about the time these tests were completed, an opportunity appeared to 
place an operating flight prototype hygrometer unit on protob/pe penetration 
vehicles for actual drop tests. Accordingly, two prototype hygrometer units 
were buiLt and configured to fit in the front portion of the penetration vehicle, 
just ahead of the ballast. Each test package consisted of a section of sensor 
tube, an operational amplifier to convert sensor current xnto a signal voltage, 
and a battery package to supply amplifier power and a sensor emf for absorbed 
water electrolysis. Each unit was conditioned to minimize the possibility of 
phosphoric acid redistribution by bringing them to a very low moisture concen- 
tration, approximately 0. 3 ppm, and sealing them off in glass. This was done 
also to maintain the current at low enough levels to ensure battery life through the 
rather long pre- and post-test periods when the test package was inaccessibl'e. 

A small current flowed continually after each sensor element was sealed. This 
current is thought to be due to a continuous cycle of electrolysis and catalytic 
recombination of the low level residual water trapped in the sealed sensor tube. 
The presence of this current was very useful as it provided a ready indication 
of satisfactory sensor operation and served as an initial indication of survival 
when the element was recovered. The two test packages were taken to Sandia in 
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Table 1. Som«,ary of electrolyUc hygron>eler reaponaa to shock tests 




Sensor Element 

T 


1 

z 

3 

4 

5 

Description 

Standard Beckman P 2 O 5 
hydrometer sensor. 
Standard potting in 
black bakclidht case 

Bare Beckman P 2 O 5 
hygrometer tube, 
s tandard Icngtii, in 
5,5 inch air cannon 
' JDOunt 

Operating shor toned 
Beckman P 2 O 5 
Jxygrometcr tube in 
fliglit prototype 
coniiguraiion 

Operatinp shortened 
Bockiiian P 2 O 5 
hyj>ron,cler tube in 
nijjlu prototype 
configuration 

Bare Beckman P 2 O 5 
hygrometer tube, 
standard length in 
5, 5 inch air cannon 
mount scaled at about 
1.5 ppm wate r 

Majtiitium shock pulse 
eKporicnced 

2, 000 G (air cannon) 

, 21, 000 G /air cannon) 

17,000 G (air cannon) 
(also air d ropped in 
basalt at Amboy tost 
2, 500 G) 

300 G (Nebraska drop 
test) 

18, ODD C, (air cannon) 

Riisult 

Survived 

Survived 

Survived 

Survived 

Survived 

Remarks 

Survival verified by 
inspection and electri- 
cal continuity test. 
Calibration shifted, 
probably duo to PjOg 
displacen.ent. 

Survival veriffed by 
inspec tion and 
electrical continuity 

te s t. 

Survival and opera^ 
lional performance 
verified by post shock 
tests. 

Survival and 
operational per- 
forn.ance verified by 
post shock tests. 

Survival and 
operational per- 
fornance verified by 
post shock tests. 



early January 1976. Sensor element No. 3 (Table 1) was taken to the air cannon 
facility for high G tests. 


A sequence of tests was run on sensor No. 3 with the air cannon, pro- 
grammed at 5. 000, 10.000, 15.000. and. finally. 17, 000 G's. After each test, 
the P2O5 sensor signal voltage was checked and found to be unchanged at the 
nominal level of the recombination current, a level corresponding to about 
0. 3 ppm water. These tests demonstrated conclusively that an operating 
hygrometer, with an operating sensor, could survive successive shocks up to 
17, 000 G with no shift in calibration. 


A similar sequence of air cannon tests was conducted on a full length, 
standard Beckman sensor element (sensor element No. 5) in the same configu- 
ration as sensor element No. 2. The maximum shock pulse in this instance was 
18, 000 G's, The sensor element was conditioned by drying in a stream of 
nitrogen containing 3 ppm water vapor to minimize the possibility of redistri- 
bution of during the test. When sealed off, the dynamic equilibrium 

created by the ‘electrolysis-catalytic recombustion process established a water 
vapor concentration of about 1. 5 ppm in the sensor element. Electrical conduc- 
tance measurements taken before and after each test again showed no shift in 
calibration. 

Sensor element No. 4 survived a drop test in Nebraska loess. Pene- 
tration exceeded 25 feet corresponding to a deceleration of about 300 G's; 
consequently, it was no surprise that this sealed sensor also survived and 
showed no shift in calibration. In late January, sensor elements Nos. 3, 4 and 
5 were taken to the Cold Regions Research and Engineering Laboratory in 
Hanover, New Hampshire, for testing under a simulated Martian environment. 

C. Simulated Mars Environment Tests 

A stainless steel environmental chamber measuring 27 cm long and 
10 cm in diameter was used to contain a simulated Martian atmosphere (Fig- 
ure 3). The top was constructed of plexiglas with a 2. 5- cm glass "o" ring 
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sealed finger tube extending through to a depth of 13 cna, Valved lines were 
installed in the top to introduce water vapor, argon and carbon dioxide gases. 
Sensor element No. 3 was physically mounted on the exterior of the chamber 
so that interior gases could be directed through it. The lines were valved in a 
manner that allowed the hygrometer to be isolated from both the vacuum system 
and the chamber while the system was being either evacuated or purged. A 
precision metering valve was installed to control the portion of outlet gas 
admitted into the mass spectrometer. Cryogenic pumps were used to evacuate 
the system and a large capacity ion pump evacuated the mass spectrometer. 

All the associated stainless steel lines were heated to about 150 C. A quartz 
Bourdon tube pressure measuring system was used to record the chamber 
pressures. 

A simulated Martian atmosphere was created as follows: The environ- 

-4 

mental chamber was evacuated to a pressure of about 5x10 torr. A cold 
finger tube was then packed with powdered dry ice and a valve was opened to 
admit water vapor into the chamber. When an amount of frost considered to be 
sufficient covered the finger tube, the water vapor inlet was closed and the 
chamber was re-evacuated. The chamber was again isolated from the vacuum 
pumps and carbon dioxide gas was admitted to a pressure of 7.88 torr; 

3,37 torr of additional argon was then admitted, making a total pressure of 
11. 25 torr. 

The testing of sensor element Nos. 3, 4 and 5 proceeded as follows: 

The valves isolating the hygrometer from the vacuum sink and the simulated 
Mars atmosphere were opened. The variable leak to the mass spectrometer 
was partially opened until a pressure of 9 x 10”^ torr existed at the ion source. 
A computer-aided data logger was started and data from m/e 12 through m/e 
250 were continually recorded at a scanning rate of 2/min until the initial 
chamber pressure of 11.25 torr was reduced to about 3 torr. 

V Z 

The mass spectrometer data for m/e 44 and m/e 18 obtained 

with sensor element No. 3 are shown in addition to chamber pressure vs time 
in Figure 4. The spectra decreased somewhat linearly with pressure until 

an apparent partial blockage of the sensor tube reduced the signal level to back- 
ground; however, the effect was momentary and the signal increased again. The 
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INTENSITY (PERCENT RELATIVE TO m/e 6A) 





chamber pressure remained roughly constant at these points, confirming this 
deduction. The water peak remained constant throughout the whole run, indi- 
cating that the water vapor entering the sensor was quantitatively absorbed 
and electrolyzed; the constant very low water content shown in Figure 4 is the 
mass spectrometer-background spectrum. 

The corresponding P 2 O 5 sensor element current is shown in Figure 5, 

The current mirrors the reduction in flow rate as the simulated Martian 
atmosphere in the chamber flowed out through the hygrometer. Slightly obscur- 
ing the smooth relationship is the peak at 20 minutes, which resulted when dry 
ice was partially depleted and then replenished in the finger tube. When the 
simulated atmospheric pressure dropped below 4 torr, a level lower than that 
expected on Mars, intermittent flow occurred. This is visible in the sensor 
element response current, the Bourdon tube pressure measurements, and also 
the mass spectra. This observation indicates the desirability of an increase 
in sensor tube diameter in the next redesign. 

Sensor element No. 5, subsequent to its series of shock tests, was then 
tested with results similar to those obtained with sensor element No. '3, The 
sensor current decreased with the flow until the pressure reached approximately 
4 torr, when intermittent flow began. 

Finally, sensor element No, 4 was subjected to this same sequence of 
tests using the simulated Martian atmosphere. Again, the results were 
similar: all three sensor elements performed well throughout the normal 
range of Martian conditions. No post shock calibration shifts were observed. 

By mid-April another opportunity for actual penetrator drop tests arose, 
when two penetrator vehicles were available. Sensor element Nos. 3 and 4 
were mounted in these vehicles following the tests described above. Sensor 
element No. 3 was dried in a vacuum and resealed at about 15 ppm water 

vapor, roughly one order of magnitude higher water content than in its earlier 
shock tests. 
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Figure 5. Water Detector Sensor Current (Short Sensor Tube) 


WATER ELECTROLYSIS RATE, NANOGRAMS/SECONO 





While sensor element No, 4 was being prepared for this test, an inter- 
mittent short developed at one end of the sensor. There was no time to correct 
this otherwise minor problem, so an experimental, alternative hygrometer 

element consisting of a solid polymer electrolyte was substituted for the P,0 

2 5 

sensor No. 4, This element is a sulphonated polymeric material that can 
function either in the conductance or the conductance/electrolytic modes, 
depending upon the strength of the imposed electric field. It has a very wide 
dynamic range and can be employed in a variety of geometrical configurations. 

It also has good mechanical and chemical stability. Therefore, it was not 
difficult to choose a configuration that matched the characteristics of the 
existing electronic package. The resulting operating hygrometer was found 
to have a dynamic range and electrical characteristics so that power drain 
was not a concern. Consequently, it was mounted on the second penetrator 
so that it was exposed to ambient humidity throughout the entire testing period. 

The penetrator vehicle carrying the SPE hygrometer was dropped 
on 14 April and the vehicle carrying the P20g sensor element No. 3 
was dropped on 15 April at Amboy, California. Both vehicles gave 
their respective hygrometers a very hard ride, coming to rest at depths 
of 3 ft, and 6 ft. , respectively, in basalt. Neither hygrometer was 
damaged. Both sensors and their associated electronics packages, including 
their battery packs, survived these shock pulses (estimated in excess of 
2, 000 G' s) in excellent operating condition, Figure 6 shows typical data. The 
steady electrolysis current resulting from the continuous electrolytic decompo- 
sition of the low concentration cf water vapor in the sealed element No. 3 and its 
catalytic recombination is shown at intervals during the period for January to 
April 1976. The two readings before and after the shock test on 6 January show 
sensor element No. 3 survived that test and did not change its calibration. It 
was monitored until 26 February with no significant change. It was then 
opened and thoroughly tested at the Cold Regions Research and Engineering 
Laboratory, as described above. It was resealed on 2 April and the current 
was read before and after the Amboy drop. The variation in the readings in this 
case arose because of an inability to control the temperature at which these 
readings were taken. The variation in the catalytic recombination rate with 
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Figure 6. Recombination Current of Residual Water (Sealed Short Sensor Tube) 


temperature is the source of the scatter in these data points. Taking this into 
consideration, it is concluded that the element survived the Amboy drop 
unharmed, with its calibration essentially unchanged. 

The SPE sensor element also survived ifliharmed and is still responding 
to ambient fluctuations of atmospheric water vapor content in an apparently 
normal way. One of the disadvantages of this sensor is that it is not possible 
to derive its sensitivity from first principles, as is the case with the ^2^5 
element. It is therefore dependent upon empirical calibration. The degree to 
which its calibration maybe subject to shifts has not been determined. Addi- 
tional work is required in order to establish its characteristics in this 
respect. 

V, Development Tasks on the P ^Qg Sensor Element 

A. Immediate Developjrient Tasks 

The immediate development tasks remaining on the ^2^5 
element include; 

1) Improve flow rate regulation at low differential pressures 

2) Enlarge the diameter of the sensor tube to eliminate inter- 
mittent flow at low pressure gradients 

3) Shorten the dryout time constant of the sensor 

4) Compensate {or. eliminate) catalytic recombination 

5) Determine effect of long exposure to vacuum on the ^2^5 
substrate 

6) Determine effect of sterilization on the substrate. 

B. Additional Development Tasks 

Additional development tasks to be performed include; 

1) Fabricate redesigned ^2^5 hygrometer sensor elements, sense 
amplifiers, flow control orifice, flow meter and vacuum plenum 

2) Assemble and integrate these components and subsystems in ^ a 
planetary soil water analysis instrument 
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3) 

Perform performance evaluation tests and shock tests of 
redesigned soil Water analyzer system 

i 

}. 

i 

1 

4) 

Design and fabricate a sample induction system consisting of 
sam-ple access, sample oven with appropriate valyes, gates and 
mating assembly to join with soil-water analysis instrument 

1 . • 

5) 

Test and evaluate combined sample induction system aud plane- 
tary soil- water analysis instrument using simulated Martian 
soil in simulated Martian atmospheres and at Martian regolith i 

temperatures | 


VI, Summary and Conclusions 


The general suitability of the phosphorous pentoxide (P^Og) hygrometer 
for detecting and measuring soil water released during heating has been 
pointed out in a similar discussion held at the Ames Research Center in 
February 1975. This report updates the earlier one and gives an account of 
FY« 76 activities. These activities have been devoted principally to an inves- 
tigationof the ability of a conventionally configured sensor element to 

survive landing shocks typical of a penetrator impacting the surface of Mars. 

In addition to tests invol\4ng the sensor elements alone, several operational 
hygrometers with associated electronic and battery packages were tested. In 
all, five different elements were subjected to a series of shocks up to about 
20, 000 G' s, including actual penetrator drop tests. Operating hygrometer 
elements survived penetrator vehicle implantations into both a soft loess and 
hard basalt targets. 

Tests of these sensors in a simulated Mars atmosphere demonstrated their 
ability to detect and measure water vapor at the low levels expected on Mars. 

It was also shown that the absorption and analysis of atmospheric water under 
Martian conditions was quantitative and complete. Pre- and post-shock tests 
showed that it is possible to precondition the sensor elements so that post-shock 
calibration shifts do not occur. Analysis by mass spectroscopy showed that 
the instrument responded only to water vapor in the simulated Martian 
atmosphere. 
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Daring the course of this work, a possible alternative to 1*2^5 
active medium by which water vapor absorption and electrolysis is accomplished 
was examined. It is a sulphonated polymeric material that can function in either 
the conductance mode or in the conduetance/eleetrolysis mode, depending- upon 
the electrical field strength employed. Its potential advantages include a wider 
dynamic range, better mechanical and chemical stability, and ease and variety 
of possible configurations. Testing and evaluation of this material is 
continuing. 

There seems to be little doubt that the ^2^5 ®®°-sor element can be 
successfully e: iployed as a hygrometer and an integrating water detector in the 
measurement of water that is thermally evolved from samples of the Martian 
regolith. There are a number of development tasks remaining, however. 

These consist of some relatively minor but nevertheless essential redesign 
and reconfiguration work on the sensor element itself and a major effort to 
solve the problems of sample acquisition, sample handling, and adequate 
sample definition. This work should be undertaken without delay if this instru*^ 
ment is to be available for consideration for an early planetary penetrator 
mission. 
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LUNAR HEAT FLOW DATA ANALYSIS MD THE FEASIBILITY OF A MARS PENETRATOR HEAT FLOW 

V MEASUREMENT 

Stephen Kelhm and Marcus Langseth 
Lamont-Doherty Geological Observatory 

INTRODUCTION 

Similarities in deployment geometry and expected subsurface temperature 
variations between the lunar heat flow experiments and the proposed Mars pene- 
trator system suggest that comparable methods of analysis could be required to 
measure heat flow via the penetrator scheme. In particular, the proposed con- 
figuration of a high conductance penetrator trailed by umbilicus within an open 
hole, basically similar to the lunar geometry, implies that radiative as well as 
conductive thermal linkages will have to be taken into account in any analysis 
of penetrator and umbilicus temperature measurements. 

The discussion will be divided into two parts. First, we review the methods 
used to analyse the lunar heat flow measurements with emphasis on the interpretation 
of the long-term subsurface temperature histories. In the second part, using two 
specific models as examples, we will show how similar methods of analysis might be 
employed to interpret a Mars penetrator heat flow measurement. For the analysis pre- 
sented, it is assumed that temperature sensors are deployed along the penetrator 
umbilicus. 

LUNAR HEAT FLOW ANALYSIS AND SUBSURFACE TE^gER^TURE HISTORIES 

Figure 1 shows the four emplacement geometries at the Apollo 15 and 17 heat 
flow sites, Each heat flow probe, consisting of two 50 cm sections, was deployed 
into a predrilled epoxy borestem of 2.5 cm diameter. Probe emplacement depths 
varied from about one meter at the Apollo 15 probe 2 site to 2.3. m at both Apollo 17 
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and are attenuated below the noise level of the data at a depth of 80 cm. Also 
apparent at all sensors shown is a component of annual frequency. These longer 
period variations are attenuated much less effectively than the diurnal and are 
detectable to depths of about 2 m at the Apollo 17 site. A long period trans- 
ient component can also be recognized in all probe teirperature histories and can 
be most clearly seen in the Apollo 17 data which contain no diurnal conqionents. 
(Figure 3.) The transient temperature rises are characterized by larger magni- 
tudes and earlier onset at the shallower sensors. The effect is due to a change 
in mean surface temperature caused by astronaut disruption of the thermal and radia- 
tive surface properties surrpunding each probe. 

Conductivity estimates based on the long period variations required a filter- 
ing of the data. The Apollo 15, 45 cm depth data are shown as an example in Figure 
4a. As a first step, a finite Fourier transform was calculated for a 38 lunation 
window (Figure 4b). Diurnal components could be easily identified and the spectrum 
smoothed to remove them (smoothed solid curve of Figure 4a). The resultant filtered 
data contain only the annual and transient con^onents. The annual components were 
then identified and removed, using a second Fourier transform over a three year 
window (Figure 4c), resulting in the pure transient history shown as the dashed curve 
of Figure 4a. 

Because the depth attenuation of the annual components provided our best method 
of conductivLty measurement, the precise identification of annual an^litudes merits 
further elaboration. The three year Fourier transform of the 45 cm probe 1 data 
shown In Figure 4c illustrates that significant power is present at the lowest fre- 
quencies (including the annual, n=3) due to the long-term transient. Transient con- 
tribution at the annual frequency must be accurately assessed in order to define the 
true annual component. One method used was to Interpolate from the surrounding fre- 
quencies which are totally due to the transient con^onent. It is critical to this 
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method that at least two years of data be available for the Fourier analysis. 
Otherwise, the transient background must be extrapolated to differentiate between 
transient and annual contributions at the fundamental frequency. Even with more 
than three years of data at the 15 site, the problem of transient component contri- 
bution at the annual frequency became critical at deeper sensor locations at which 
the transient contribution was many times larger than the true annual conqjonent. 

For this reason, we resorted to a trial-and-error method in which feasible sets of 
annual components were subtracted from the data until no variation of annual period 
could be discerned by eye. Using this method, we were able to identify annual com- 
ponents to within ±pl5°K, well within the noise of the data. It should be noted 
that a similar approach may be required for the Mars penetrator situation in which 
large transients are produced by the RTG and significant annual variations can be 
expected as deep as 5 m. 

Apollo 15 and 17 annual component results are shown in Figure 5. The data at 
all stations fit the theory of exponential attenuation with depth appropriate to a 
homogeneous medium (reference 3). The slopes of the straight line fits are a function 
only of the annual frequency and thermal diffusivlty. The range of satisfactorily 
fitting diffusivlty values are shown in the figure. At the Apollo 17 site, the 
depth of probe deployment limited the number of discernible annual components. The 
identified component at 15 cm is based on thermocouple measurements. Again, however, 
the available data are very well fitted by the exponential attenuation theory for 
a uniform medium. The resultant best fitting diffusivlty values at all sensors were 
converted to thermal conductivities using other measurements of regolith density 
and specific heat (references 4 and 5). Resultant conductivity and heat flow deduc- 
tions are shown in Figure 6. 

Notice on the left that the conductivity values deduced from the annual coiiq)g- 
nent analysis (vertical bars) are significantly lower than preliminary estimates. 
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which were based upon a 36-hour transient response to 0.002W power sources within 
the gradient housings at either end of each probe section. The main source of 
error in the short-term measurements was the limited sanq)ling volume on which the 
results depended. The thermal characteristics of the probe-borestem system and 
about 2-3 cm of adjacent regolith material controlled the 36-hour temperature res- 
ponse. Uncertainties in numerical model parameters, such as axial heat dissipa- 
tion by radiation along the probe, were difficult to evaluate. In addition, the 
thermal properties of the small volume of adjacent regolith material sampled may 
have been altered to an unknown axtent during the drilling process. The fact that 
the difference between the short-term and long-term measurements increases with 
depth suggests that the difference may be due to Increasing compaction of the 
regolith around the drill stem as the stem penetrated deeper and deeper. In this 
context, it should be emphasized that disruption of adjacent material will likely 
occur to an even greater extent during the penetration of a Mars probe. Thermal, 
as well as chemical, contamination can be expected and care must be taken that any 
proposed method of conductivity measurement be of sufficient duration to san5)le well 
beyond the contact layer. 

Differences between the preliminary (dashed lines) and final (solid lines) 
heat flow values shown on the right result almost entirely from differences between 
the preliminary (short-term) and revised (annual wave) conductivity deductions. 

Ihe identification of diurnal, annual, and transient cpn^>onents was used to refine 
our preliminary estimates of the steady-state mean temperature profiles; but in no 
cases were the initial gradient estimates altered by more than 5%. The long-term 
analysis did, however, allow gradient determinations to be made at probe 2 and the 
upper section of probe 1 at Apollo 15 where significant diurnal and annual fluxes had 
not permitted preliminary gradient estimates to be made. 
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SIMULATION OF A MARS PENETRATOR HEAT FLOW MEASUREMENT 

The proposed Mars penetrator design and deployment geometry fee expected 
to result in subsurface temperature measurements whose tenq>oral variations contain 
the conqiarable coiqponents observed on the moon. The major difference is eiqtected 
to be in the considerably larger magnitudes of the annual and transient variations. 

The eccentricity and obliquity of Mars lead to annual surface temperature varia- 
tions of many tens of degrees at most latitudes. For example^ at -20°S, peak-to- 
peak-surface variations of 50-60°K can be expected. Assuming reasonable diffusl- 
vity values, periodic fluxes 5-30 times the flux due to steady-state heat flow 
could occur at depths up to two meters. The presence of a 20-watt power source 
implies temperature rises on the order of tens to hundreds of degrees within the 
penetrator body within 30 days following deployment. Radiation along an open hole 
above the penetrator will result in significant effects within three meters of the 
penetrator body over the course of one Mars year. 

The primary significance of such large transient and annual variations is 
that the difficulties of a heat flow interpretation will be reversed from those of 
the lunar experience. The magnitude of the ten^erature rise within the penetrator 
will be controlled by losses to the surrotmding material and should provide an 
excellent measurement of the thermal conductivity. The presence of large annual 
variations at umbilicus depths would provide a second conductivity estimate appro- 
priate to the depths of the proposed sensor locations. The measurement critical 
to a heat flow experiment will be the steady— state tenperature gradient determination. 
To explore the difficulties involved in making such a measurement, two numerical 
simulations of feasible penetrator deployment configurations have been run over a 
time period of just over one Martian year. Temperature sensors were assumed to be 
located at one-meter intervals along the umbilicus with the deepest sensor one 
meter from the penetrator tall. Open-hole configurations were assumed although the 
possibility of convection processes and possible phase changes of trapped gas were not. 
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The primary goal of the models was to examine the feasibility of making a reliable 
temperature gradient measurement in the presence of large annual and transient 
variations. In both models, a surface temperature of 200°K mean and a variation of 
30°K amplitude and annual period was used. A cooldown period was simulated by 
assuming that all kinetic energy of the pre-impact penetrator was evenly deposited 
within a radial zone of two cm thickness along the hole. In both models a nominal 

regolith gradient of 1.0°K/m was assumea. 

In the first model, designated Ml, a penetration depth of 5 m into material 
of conductivity 4 x 10“S?/cm°^ was simulated. The evolution of hole wall temperature 
profiles (which are very well coupled to adjacent umbilicus sensors) are shown in 
Figure 7. It is obvious that no reliable gradient measurement could be made from 
the profiles alone, even if temperature sensors were spaced closely enough to desc- 
ribe the profile in such detail. Annual wave effects within the upper 2 m are 
enormous and profiles at greater depth are washed out by the RTG effects before sub- 
stantial cooldown to adjacent regolith conditions can take place. 

The situation improves considerably, however, if a full year of sensor tempera- 
ture histories are available. The "measured" gradient value of 1.25°K shown between 
0.85 and 1.85 m depths is based on filtering analyses applied to the simulated umbi- 
licus sensor temperature histories shown in Figure 8. Values in parentheses above 
each of the depth labels give distances from the penetrator tail in meters. At the 
0.85 m depth, nearly three meters from the penetrator tail, effects from the RTG 
begin to be felt only near the end of one Martian year. The large variation consists 
almost entirely of the annual component. At the sensor one meter below (1.85 depth), 
the annual component can be easily recognized although transient effects have become 
significant in the second half of the Martian year. At the deepest sensor (2.85 m 
depth, 0.95 m from the penetrator tail), RTG effects are totally dominant and the 
data are useless for the estimation of steady-state gradient. To obtain mean 
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ten^eratures at the two shallower sensors, similar component separation techniques 
as were utilized for the lunar experiment were employed. The results at the 1.85 m 
sensor are shown In Figure 9. 

With the annual coii 5 )onent filtered out, It can be clearly seen that the RTG 
effects were not felt until about 140 days following deployment, allowing cooldown 
equilibration to have been effectively completed, and yielding the mean temperature 
estimate indicated. A similar analysis of the. 85 m sensor history resulted in the 
steady-state gradient calculation of 1.25°K/m shown in Figure 7. Admittedly, the 
result is artificial in that the simulation Is characterized by a pure harmonic varia- 
tion and thermal property homogeneity. The results do, however, show that the 
gradient measurement is feasible even in the presence of significant annual and 
transient variations. 

The second model, designated M2, assumes a more favorable penetration depth of 
8.8 m into material of slightly lower conductivity, 2 x 10*’^W/cm°K. In such a case, 
the gradient measurement could be made xd.th significantly more confidence as illus- 
trated in the temperature profile evolution shown in Figure IG. For this case, a 
nearly representative gradient measurement could be made between depths of 2.5 and 
4.5 m within about four days following deployment. Analysis of a year*s worth of 
temperature history data, however, will lead to refinement of any preliminary esti- 
mate and increased confidence provided by mean ten^jerature determinations at other 
depths. The "measured" value of 1.08°K/m is based on a least square fit to the mean 
temperatures at five subsurface locations determined from analysis of the temperature 
histories shown in Figure 11. The lower conductivity regollth limits the significant 
annual variations to depths less than three meters and the deeper penetration permits 
essentially transient free temperature histories to depths of about four meters. 

Mean temperature values are obtained at the 4.5 and 5.5 m depths by noting the absence 
of signif i c?ti t annual variations and utilizing the data prior to the transient onset, 
but well past the significant cooldown equilibration. 
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In Figure 12 are shown the thermal diffuslvity deductions based on the annual 
anQ)litude attenuation for the two models. Very reliable results can be obtained 
using data with significant annual components for either model. Note, however, 
that if the results depend on the measurement of small annual components, other 
methods of analysis must ^e relied upon (such as the penetrator temperature rise) to 
estimate the thermal conductivity, 

CONCLUSIONS AND RECOMMENDATIONS 

Within the constraints of the previous analysis, it appears that the prin- 
cipal factors necessary for a successful Mars penetrator heat flow measurement are 
substantial penetration, at least four meters, and the deployment of accurate 
(±0.05°R) temperature sensors at favorable depths. Unless the hole is partially 
filled following penetration, sensors within one to two meters of the penetrator 
tail will very likely be useless for the purposes of a gradient measurement. The 
coupling of the annual variations of the open hole umbilicus to the exterior regolith 
material implies that annual flux variations can be accounted for, assuming that 
temperature data are available for a significant portion of the Martian year. Assum- 
ing sufficient penetration, the success probability of such a heat flow measurement 
would then most likely depend upon the number of sensors deployed at favorable depths 
along the umbilicus. 

Certainly other factors must be investigated to reliably assess the feasibility 

of measuring heat flow via the penetrator scheme. The presence of trapped and 

adsorbed gaseous phases within the Martian regolith could be significant factors in 

the exchange of heat between regolith and atmosphere during the diurnal and annual 

cycles. The presence of significant amounts of permafrost could be significant in 

controlling the penetrator temperature response to the RTG, and thus lead to errors 

in conductivity determinations based on this response, RTG-driven convection of 

gaseous phases present in an open hole above the penetrator tail could conceivably 
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mask any gradient measurement. Convective effects are now being Investigated with 
simulation models at NASA-Ames (T. Canning, personal communication). 

It should also be pointed out that the analysis discussed In this report 
presumes the emplacement of temperature sensors at known spacing along the umbilicus. 
Tlie engineering difficulties In assuring a "taut" umbilicus need to be Investigated, 
as well as alternative methods of deploying sensors capable of making a reliable 
measurement of the steady-state ten 5 )erature gradient. One such method to be examined 
from both an engineering and theoretical viewpoint is the radial deployment of 
sensors 10-20 cm from the penetrator body following enq>lacement. The critical 
evaluation, from the theoretical standpoint, would be the equilibration time of the 
sensors relative to the onset of masking effects from the impact and RTG-induced 
thermal transients. The effects of thermal coupling along a radial extension arm 
connecting sensors and the penetrator body would also require analysis. 
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The smoothed solid curve resxilts when the diurnal variations are fil- 
tered out. The dashed line shows the pure transient response after 
both annual and diurnal variations have been removed, (b) Thirty-eight 
lunation frequency spectrum used to identify and remove the diurnal 
conqjonents . (c) Three— year frequency spectrum of the diurnal free 

temperature history. The component at n-3 consists of both an annual 
and a transient contribution. 

Figure 4. Filtration Analysis. 


124 














TEMF€RATURE. °K 



DISTANCE FROM PENETRATOR, m 


FiBure 7. Hole wall tentperatjre pioflles at different times following penetration a 

siimd-ated Mars penetrator heat flow measurement. Penetration depth = 5 m, (wooel Mij 



1 




TEMPERATURE, 


209 p MARS MODEL M I 
I- K = 4xl0’^ W/cm-“K 



0 100 200 300 400 500 600 700 

TIME SINCE DEPLOYMENT, days 


Figure 9. Raw [dashed curve) and filtered [solid curve) temperature data at the 1.85 m 

depth umbilicus sensor of Model Ml. Removal of the large annual couiponent allows 
a mean taiperature to be determined prior to the onset of RTC effects. 


TEMPERATURE, -K 



2.5 3.5 45 5.5 65 



DISTANCE FROM PENETRATOR, m 

Figure 10. Hole wall temperature profiles at different times following penetration for a 
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Figure H. Subsorf^e b^ratore histories at proposed umbilicus sensor locations for Mars 
penetrator Model M2. (See text.) * 
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Figure 12. Diffiisivity estimates based on the attenuation of annual components with depth 
for the 2 simulated Nbrs penetrator models. 
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Magnetic Field Experiment for the Mars Pgnetrg^ 


I. Properties and Shock Tests of Megnetometer Sensor 

A. Sensor Properties 


Size 

4cmx4cmxlcm 

Weight 

64 gramfi/axis 

Power 

15 milliwatts /axis 

Range 

0 to 1000 gammas 

Drive 

i4.5 KHz carrier 

Sensitivity 

66 pV/Y 

Accuracy 

0.296 

1 

Core 

Low-noise permalloy 

Material 

High-strength ceramic housing 
Permalloy core 
Copper windings 


B. Drop tests at Ames (29 March 1976) 

1. Sensor mounting - Direction of shock along magnetic axis^ i.e. 
in plane of permallory core (structurally most vulnerable 
orientation) . 

2. Shock test and results - 2000 g's for 0.8 millisec. Properties 
of sensor (drive; sense winding resistances; d;rive voltage & 
current; sensitivity; etc. ) unchanged by shock. 

C. Air gun tests at Sandia Gorp (5 April 1976) 

1. Sensor mountings 

a. Parallel to permalloy ring core 

b. Perpendicular to permalloy ring core 

2. Shock tests: 


. OF THE 

.. Tfa POOR 
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a. Parallel b. Perpendieular 

5,000 g*s for 4.5 raillisec ^j^OO g's for 4.4 raiUisec 


9,000 " 

" 3.0 

It 

9,500 " 

” 3.0 

It 

21,000 " 

’• 1.1 

It 

21,000 " 

" 1.2 

II 


3« Results - Sensor mechanical electrical properties 
xinchanged by shock tests. 

II. Magnetometer Properties for 'Mars Pgaetrator 


Range 

Resolution 

Frequency response 

Sensor geometry 

Commands 

Internal 

calibration 

Power 

Wei^t 

Size 


0 to ± 1000 gannna 
0.05 gamma 

dc to 3 ife 

Three orthogonal flux gate sensors 
5 each 

0, ± 25, ± 50, ± 75 percent of full scale 

100 mr 
400 gras 
300 cra^ 
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O^jgGtl ves and Theory of the Magnetic Field Experi-ment * Scientific 
objectives are to determine physical properties of the interior of Mars using 
data from a network of Mars penetrator magnetometers. The objectives are to 
investigate: a) internal planetary magnetic field; b) electromagnetic induc- 

tion and global conductivity profile; c) crustal magnetic anomalies; and 
d) magnetic permeability and global iron abundance. 

A. Internal Planetary Magnetic Field 

(1) Known magnetic properties of Mars, from USSR Mars 3 and 5 satellite 
results (Dolginov et al. , 197^; Gringauz et al. , 1974) include 

the following: 

a) Magnetic moment M=2.5xl0^^*cm^, corresponding to a 64y 
surface field. 

b) Korth magnetic pole in northern hemisphere (opposite to the 
case of the earth). 

c) Magnetic pole inclined 15 to 20^ to spin axis. 

d) Solar wind standoff distance approximately 1000 km altitude. 

(See figure 1.) 

(2) Our teehniq.ue utilizes the Variation of the vector field confined 
by the solar wind to determine an accurate orientation and magni- 
tude of the global magnetic moment. One part of this technique 
has been treated theoretically by Parker and by Gassen and 
measured by a capped-eylinder superconductor in the laboratory 

by the authors. The results are shown in figure 2** ratio 

of the transverse component of confined field to unconfined field 
on the cylinder etxis is 
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where 


u^trans 


^ " A/ j/(0) f^(r) 


fjj(r) = exp(-K^|r|/s) + exp(-N^(r+2R}/H) 

((> is the azimuthal angle measured around the 
ejrlindrieal axis 

r is the distanee along the eylinder axis 

N is the n-th root of J. ^(K ) = 0 

n I n 


The ratio of the radial component of confined field to 


unconfined field along the cylinder axis is: 

. &) . 1. y 

%^axial 


where 

gj^(r) = exp(-K^|rJ/R) - exp(-Kj^(r/R+2) ) 

K are roots of the zero-order Bessel function 
n 

and the other quantities are shown in figure 2. 

(3) This theory will he extended to the ease of a magnetic dipole 
confined by a hemispheric ally capped cylinder. In order to 
determine the planetary moment it will also be necessary to 

account for contributions to the total measured surface fields 

% 

from local remanent fields, ionospheric current systems, 
external solar wind fields, and induced Martian fields. 
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B. viA<^-hrftma^etic Induc t ion and Planetary Conductivity Frofx j^ 

(1) Electrical conductivity analysis has been developed for a 
naeuetometer network array for the case of a symetric sphere 
in a vacuum. The analysis involves displaying magnetic data 
on a 20-inch IMLAC display system in a real-tdjne interactive 

mode with the Ames IBM 36O/67 computer. 

(2) The above technique has been successfully applied to the Moon 
using Apollo 15 and Apollo I6 lunar surface magnetometers and 
the Apollo 16 subsatellite magnetometer data to infer internal 

lunar structure (see figures 3, an^ 5)* 

(3) Depth of electromagnetic probing will be down to several hun- 
dred kilometers (for a - 10“^ mhos/m, f = 10 HZj skin 
depth = 500 km). 

(U) Conductivity studies of Mars will likely parallel those of the 
geomagnetic variation method used for the earth since: (a) both 

planets are probably qualitatively similar in internal structure, 
(b) data frtm an array of penetrator magnetometers will be 
available, and (c) fluctuating ionospheric currents give rise 
to induced currents in the Interior of both planets. 

(5) The 3-magnetomfiter technique now used on the Moon will be gener- 
alized to use the entire array of penetrator ma^etometers. 

(6) The present theoiy for the radially symmetric case will be 
extended to account for the confinement of induced fields on 
the day side by the ionopause. 

G. Surface Magnetic Anomalies 

(1) Direct comparison of magnetic fields at various penetrator loca- 
tions and a knovrledge of the intrinsic penetrator fields mil 
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allow determination of magnetiG fields due to local sources 
(e.g,, magnetized sTjrface and subsurface materials). Knowledge 
of the magnetic properties of the penetrator housing and other 
on-board instruments, will be obtained after the final instru- 
ment package has been developed sind its field measured. The 
instrument fields can then be subtracted out to determine intrin- 
sic Martian remanent fields. 

(2) It will be important to compare the crustal rCTaanent magnetiza- 
tion of Mars and the moon to determine if the same processes 
lAich were responsible for lunar remanent magnetism were opera- 
tive during the crustal formation of Mars 
,D. Map;neld.e Permeability and Global Iron Abundance 

(1) Development of techniques has begun to analyze Mars global 
permeability using a minimum of two magnetometer instruments ; 

(a) one penetrator and one orbiter or (b) two (or HKire) penetra- 

tors. 

(2) Tb date the technique has been developed for a symmetric ease, 
treating the planetary body as a sphere in a vacuum. The 
numerical analysis techhique utilizes an IMLAC televisicai data 
display system, allowing rapid and accurate data selection and 
processing. 

(3) Ibis method has already been successfully applied to analyze 
nagnetlc permeability and iron abundance of the Moon using data 
in the geomagnetic tail field measured simultaneously by the 
Apollo 15 and 16 lunar surface magnetometers. The permeability 
analysis concept and theory are outlined in figures 6 and 7 . 
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To calculate the permeability of Mars we will adapt the above 
analytical technique to the asymmetric confinement case (Mars 
global magnetization induction field confined to an asymrjetric 
magnetosphere by the solar wind flow past the planet) • The tech- 
nique will be expanded to utilize three (or more) simultaneous 
magnetometers, using one orbiter and two (or more) penetrators. 

We will also generalize the analysis program to include induced 
global magnetization, permanent global magnetic field, and local 
remanent magnetization in a self-consistent analysis to demon- 
strate that each mode can be separated and measured. Further, 
we will assess effects of spurious magnetic fields produced 
within the penetrator and afterbody. 

A technique to calculate iron abundance in the Mars interior 
from permeability results has already been developed. The 
analysis requires modeling the Martian thermal profile and 
internal composition. Knowledge of these parameters can be 
gained from the Mars conductivity analysis and other experi- 
mental results. 
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Figure 3 3-Magnetometer Conductivity Analysis 




3 MAGNETOMETER NETWORK 


B* - H' + P' B" » H" + p" 



Ap16 
B - H + P 

Figure 4 Conductivity Theory 
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MAGNETIZATION INDUCTION 
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Figure 7 Permeability Analysis Theory 
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BIOLOGICALLY-RELEVANT EXPERIMENTS FOR A MARS PENETRATOR MISSION 


Donald L. DeVincenzl 
NASA-Ames Research Center 


INTRODUCTION 


A group of scientists in the Planetary Biology Division at NASA-Ames (D. L. 
DeVincenzi, M. R. Heinrich, V. I. Oyama, G. E. Pollock and M. P. Silverman) 
have been devising concepts for biologieally-relevant experiments which 
could be performed on a Mars penetrator mission. Attention has been eon- 
eentrated on experiments which can utilize the sub-surface, multi-site and 
long-life characteristics of the probes. 

In addition to providing information relative to the goals of planetary 
biology (the origin, evolution and distribution of life and life-related 
compounds) , these concepts can yield data pertinent to the geosciences 
also. As with other experiments proposed for a penetrator mission, these 
ideas may change dramatically once data is returned from Viking. However, 
some of the experiments actually complement the Viking science. 


The concapts for the experiments described in this report were developed 
about a year ago. Two of them have been undergoing verification at a modest 
level in the laboratory. Some are outgrowths of experiments proposed by 
other scientists i or are based on advanced instrumentation which has 
recently been developed. All, however, are of significance to the continued 
exploration of Mars. 

It has been only recently (during the past month) that these concepts have 
been evaluated, from an engineering point of view, for their suitability 
for a penetrator mission. The time for evaluation was short and judgements 
were based upon knowledge of state-of-the-art technology and consultation 
with experts where possible. The search for information was not exhaustive 
and recent or future developments may change the feasibility assessments. 
However, this study has provided extremely useful comments regarding the 
procedures, identification of key elements, constraints, feasibility, etc. 
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This report sununarizes the blologically-relevant experiments , with emphasis 
on science rationale and objectives, experimental approach and engineering 
evaluation. 


ORGANIC CARBON 


I. Scientific Rationale and Objectives 

Several classes of organic compounds which are found in soil and living 
things will fluoresce when irradiated with ultraviolet light. These and 
other organic carbon compounds, when heated to temperatures of 250*^C or 
above for some time (several seconds at 800 C to a few minutes at 250- 
450 C) , will produce polyaromatic compounds which fluoresce when irradiated 
with ultraviolet light. Inorganic carbon in the form of carbonates does 
not Interfere since it is not measured. This experiment was proposed 
several years ago (Report by Dr. Joon Rho, J.P.L. , 1967) and much ground 
work on the sensitivity and design of an instrument measuring fluorescence 
after ultraviolet activation was done. Sensitivity of the experiment will 
depend on the experimental design and the nature of the compounds encountered. 
In a pyrolytic mode, very small samples of 0.025g to O.lg could be used to 
detect organic carbon in amounts which would be in the range of several 
nanogra.ms of organic carbon, 3ng to 3,ig depending on the organic carbon 
composition and whether optimum pyrolytic conditions were used. 


Carbon found in organic matter is a prerequisite for life. Finding very 
little or no organic carbon would indicate little or no probability of life 
while large amounts of organic carbon would give reason for hope. This 
particular measurement has been worked on, and it is known that the instru- 
mentation can be relatively simple and requires only a small sample (e.g,, 
O.lg or less). Further, this analysis would lend itself to a penetrator 
mission because one could obtain the organic carbon values at various depths 
and at various sites, thus increasing the ability to choose sites objectively 
for more sophisticated later missions and giving more information on the 
possible organic history of the planet (e.g., if large deposits of organic 
carbon are found at some depths beneath the surface this could indicate 
sedimentary deposits wtd.ch could be interesting from the point of view of 
life detection as well as for a history of water) . 

II- Experimental Approach 

This experiment involves acquisition of a small soil sample (e.g., O.lg to 
0.025g) followed by pyrolysis of the sample at around 45G°C for a few 
minutes in a sealed chamber. The pyrolysate is condensed on a cooled 
surface, the condensate irradiated with an ultraviolet source between 
300-400nm, and the fluorescence emitted from the pyrolysate measured 
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with a photodeteetor at the fluorescence maximum (-450nm). This 
method of operation is capable of detecting a few micrograms to a few 
nanogra^ of organic carbon present in any sample. The temperature of 

varied in such a way that pyrolysis started at 250°e 
might be increased stepwise to higher values if studies indicated that 

Silitv^trrelaK^/®'^ enhanced diagnostic capability, i.e., some 
bility to relate auorescence to pyrolysate composition to the orielnal 

ritlil exist if varlabir^ wal^ 

he used for activation as well as detection of the wave- 

should ^’'arcold fluorescence. The temperature of the cold spot 
should be as cold as possible for maximum sensitivity, 0°C or lower if 
pressure is 4-5mm Hg. it should be pointed out that ke pyrolysIS 

measured in the gas phase in some limited volume 
approach would sacrifice some sensitivity of the method but 
might be more easily impleraentable. ’ 

III. Engineering Evaluation 

Key eWnte esseclated »lth the experiment Inelude sample colleetor eamol. 
damp while maintaining seal, heating sample, cold collector aurfS m '^ 
source, and photo-detector. surrace, uv 

only the problems associated with the sample collection 
^d dumping appear to be difficult. One idea is an explosiveirdriven 
sampler which is driven into the soil and then retracted and the samSe if 
pyrolysis chamber. The pyrolysis chamber must be seLed to 

Solid between the volatiles driven off and the 

surface, but this should present no great difficulty 
colleetor surface at 0*^0 could be a prSiSSnd 
this should be investigated during the penetrator thermal studies. The 

Ught source and Che S^ld 

The experiment to estimate organic carbon appears quite feasible for a 
penetrator mlaalon If a reliable sample colILtion tectaioS Sn brdevieed 

nd available UV sources and photo-detectors should be shock tested* 
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WATER AND ELEMENTAL ANALYSIS 


I. Selentifie Rationale and Objectives 

Water is essential for life as we know it. The relative abundance and location 
of water on Mars may be crucial to the selection of landing sites on the 
planet for future life detection missions, Mars sample return missions, and 
for a proper assessment of planetary quarantine requirements. Measurements 
of water are needed to determine the composition of the polar ice caps, to 
discover whether a permafrost or sub-surface water is present, and to delineate 
its areal location and extent. Knowledge of the total water content of 
Mars is needed for an understanding of the planet’s geochemical, biological, 
atmospheric, and climatological history and evolution. 

The principal attribute of the combined pulse neutron experiment (GPNE) is 
its ability to measure water without the necessity for external sample 
acquisition. Although the (CPNE) does not measure water directly, it 
measures the hydrogen atom content of the target material making the 
assumption that all the hydrogen is present as water. As little as 0.92% 
water in basalt, granite, and dunite can be detected (Caldwell, R.L., et. al. , 
Science 152 , 457-465, 1966; Mills, Jr., W.R., et. al., Mobile Research and 
Development Corporation, Dallas, TX, 1969). 

The CPNE instrumentation can also detect gamma ray emissions from the natural 
radioactive elements K, Th, and U. Knowledge of the abundance of these 
elements will allow inferences to be drawn concerning the internal heating 
of the planet, its age, and the Ar content of the atmosphere. These are 
important to an understanding of the geophysical and geochemical history and 
evolution of Mars and its atmosphere, and to comparative planetology. 

A third feature of the CPNE is that it can measure the elemental ratios of 
C, 0, Si, Al, Mg, Ee, Na, Ga, and Ti in the Martian regollth. The importance 
of determining regolith composition is obvious and r.eed not be expanded upon. 

An Important capability of the CPNE is the fact that analyses will be made 
over distances of several tens of centimeters beyond the probe. Its importance 
can be recognized readily when the events accompanying penetrator entrance are 
considered. First, frictional heating alters the surface of the entrance 
hole immediately adjacent to the penetrator, forming silicate glass and 
volatilizing certain elements and water. Second, penetrator body surface 
material is abraded and mixed with bore hole surface material. Thus, analyses 
of only the first few millimeters of the bore hole adjacent to the penetrator 
may be in error regarding the true composition of the Martian subsurface 
regolith. The greater depth of penetration of the neutrons from the CPNE 
(several tens of centimeters) would minimize such errors and give a better 
assessment of the overall composition of the target material. 
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II. Experimental Approach 


The CPNE instrumentation consists of a 14-Mev pulsed neutron source emitting 
'^2 X 105 neutrons /sec, a gamma ray detector, and a neutron detector. An 
attenuator is positioned between the neutron source and gamma ray detector. 

The use of a pulsed source of neutrons and time-gated spectral measurements 
provide a convenient means of separating gamma rays produced in the processes 
cf inelastic neutron scattering, neutron capture, and neutron activation. 

This is feasible because the resultant gamma rays are emitted in different 
time domains relative to the time at which a fast neutron is produced by a 
source. Also required are provisions for (a) controlling the frequency and 
duration of neutron pulses from the neutron source, (b) precise time discrim- 
ination for Gontrolllng the time at which gamma rays and neutrons are measured, 
(c) data acquisition, storage, and transmission, and appropriate shellding 
between the RTG's and the detectors. 

Radioactive elements are determined in a quiescent mode, /if ter landing, and 
before the neutron source is turned on, the gamma ray detector is operated 
for suitable time periods to measure the gamma rays emitted by the natural 
radioactive elements K, Th, U. 

Elemental analyses are made in high repetition rate operation. The neutron 
source emits <^5000 pulses/see of 14-Mev neutrons. Each pulse is of 5 psec 
duration and is followed by "^200 psec of no emissions. The resulting gamma 
ray production from inelastic scattering begins and ends sharply within the 
same time frame as the 5 psec neutron burst and yields information on the 
elemental ratios of C, 0, Mg, Al, Si, Fe. The neutron detector measures 
the epithermal neutron intensity which builds up and then dies away during 
the 200 psec following each neutron pulse from the source. The rate of this 
epithermal die-away" is primarily dependent on hydrogen content and is a 
measure of the hydrogen < = water) density in gm/cc. 

In another mode (low repetition) the fast neutron pulses are still 5 psec in 
duration, but are separated by 2000 psec of zero neutron emission. For 
about 50 psec after the 5 psec neutron burst the gamma ray detector measures 
the gamma rays emitted during the process of thermal neutron capture and 
yields elemental ratios of H, Na, Si, Ca, Ti, and Fe. After '\,1200 psec the 
gamma ray emissions will have decayed to a constant rate. This rate is 
primarily from isotopes with half-lives greater than several hundred psec 
which were formed by the process of fast neutron activation. Thus, measure- 
ment of fast activation gamma rays in the time period after 1200 psec but 
before the next burst yields very accurate 0/Si ratios. 


Ill . Engineering Evaluation 

The CPNE requires a thin window or opening to the outside of the penetrator. 
Water presence is inferred by presence of hydrogen but not directly measured. 

This experiment seems to offer a high probability of success. Sensitivities 
of absolute water content of less than 1 percent seem feasible. This exper- 
iment does not require modifications that appear to reduce the structural 
strength of the penetrator. The additional information gained on elemental 
abundance appears to be an advantage, Sandla is evaluating pulsed neutron 
sources for similar subsurface measurements. Further development should be 
pursued . 


INORGANIC IONS, WATER HISTORY, LIFE DETECTION 


I. Scientific Rationale and Objectives 


The proposed experiment measures the concentration of water-soluble inorganic 
ions in the Martian soil by means of several ion-specific electrodes and 
electrical conductivity electrodes. A number of inorganic ions are important 
to living organisms, in addition to being indicators of the presence and 
state of oxidation of some of the elements of the atmosphere and soil. Ions 
like nitrate, ammonium, sulfate, and sulfide are utilized as sources of 
energy by some bacteria, while other bacteria produce them as metabolic end- 
products. Sodium, potassium, and chloride are important in maintaining 
functioning cell structures. One of the major unknowns in searching for 
life on Mars is the total lack of knowledge of the nutritional requirements 
of putative Martian organisms. A detailed analysis of the organic compounds 
in Martian soil would provide Invaluable suggestions about organic nutrients, 
but this is very difficult. An inorganic analysis appears to be attainable, 
and would also be very valuable. 

Knowledge about the Inorganic ions in Martian soil would impact future missions 
to that planet. Any future life detection experiments would be greatly 
improved by use of that information in formulating growth media. The same 
conclusion applies to the search for living organisms in any Martian soil 
samples which are returned to Earth. In addition, the planetary quarantine 
estimates of the probability of terrestrial bacteria surviving on Mars would 
be much more accurate with any information about soil composition. 

There is an obvious relationship between the composition of the atmosphere 
and the soil. The amount of nitrogen on Mars is unknown, but its presence 
is essential for the evolution of life as we know it, or for the survival 
of terrestrial life on that planet. The two most important ionic forms of 
nitrogen are nitrate and ammonia. The nitrate ion which is common in earth 
soil is principally the product of oxidation of ammonia by bacteria. The 
ammonia, in turn, could have biological origins from the fixation of atmos-^ 
pheric nitrogen or from the decomposition of nitrogen-containing constituents 
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of organisms; it could also occur in the atmosphere, or be formed chemically 
from atmospheric nitrogen. The presence of nitrate on Mars would suggest 
the presence of life, or some other process for oxidation of nitrogen. 

Anomalous inorganic ion accumulations on Mars can also be Indicative of the 
history of water on the planet. Running surface water on Earth dissolves 
certain components of rocks and minerals more rapidly than others. The 
more soluble cations and anions are transported downstream to basins where 
they accumulate. Subsequent evaporation of the water yields terrestrial 
sediments enriched in salts. If similar processes occurred on Mars, it is 
reasonable to expect the dry basins at the terminus of river-like channels 
to be more enriched in water-soluble salts than highland rocks and minerals 
at the source of the channels. Experiments have been performed to test this 
hypothesis (Silverman, M.F. , and E.F. Munoz, Icarus 24, 383-387, 1975). They 
showed that aqueous solutions of soils from dry terrestrial basins with a 
history of water accumulation, as well as solutions of soils from the topo- 
graphic lows of valleys, had a significantly greater (P<.01) mean electrical 
conductivity (2133 ± 718 ymhos/cm) and water soluble Na and Ca content 
(15.86 ±5.29 ymoles/ml) than did solutions from highland soils (165 ± 48 
yrnhos/cm ; 0.67 ± 0.18 ymoles/ml) or finely divided igneous and raetamorphic 
rocks (174 ± 15 ymhos/cm ; 0.99 ± 0.13 ymoles/ml). 


The penetrator mission concept, employing multiple probes deployed along 
apprcpriate highland to basin transects, seems ideally suited to an investi- 
gation of Mars to answer the question--are those sinuous channels really 
dry river beds? 

If Mars had surface water at one time, then the question of where did the 
water go is of great Interest to space scientists. It may be in the polar 
caps or it may be present as a permafrost. The latter could react with 
rocks and minerals and accumulate inorganic ions at the mineral— ice inter- 
face. Seasonal sublimation of some of the permafrost would leave behind a 
subsurface residue of water-soluble inorganic ions. Thus, subsurface 
multiple site analyses may reveal anomalous concentrations of water-soluble 
ions which could be presumptive evidence for a permafrost. In any case, 
the information obtained would add a valuable dimension to the results of 
elemental analyses. 

The envlroninental conditions below the surface of Mars are not incompatible 
with life as we know it. Indeed, viable microorganisms have been recovered 
from 60 foot depths in Arctic permafrost. Measurements of water-soluble 
inorganic ions, electrical conductivity, and pH can be used to indicate the 
presence of life. The indigenous microorganisms in terrestrial soils con- 
taining as little as 10^ microorganisms /gram of soil caused dynamic changes 
in the electrical conductivity , pH, and water-soluble Ca and Mg of soil 
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solutions during glucose metabolism (Silverman, M.P., and E.F. Munoz, 
Applied Microbiology 960-967, 1974). Sterile soils did not show 
these effects. The kinetics of these processes can be measured either 
continuously or at selected time intervals without removing samples. 
Other advantages are (a) the measurements are non-destructive and allow 
other experiments to be performed on the same soil sample, • (b) the 
measurement of multiple parameters, i.e. , electrical conductivity, pH, 
Ca, Mg that display parallel kinetics increases confidence in the con- 
clusion that life has been detected. 

II. Experimental Approach 


The proposed experiment would measure the concentration of nitrate, 
chloride, sodium, potassium, and calcium ions by electrodes specific for 
these ions. Also required are reference electrodes for the above, a pH 
®l®^hrode and reference, a pair of platinum black electrical conductivity 
electrodes, and a temperature probe. The ion— specific electrodes were 
chosen because they serve the objectives of the experiment and are 
compatible with one another with respect to tolerable pH ranges and 
Other interferences. The pH electrode serves experimental objectives 
and allows corrections to be made for pH effects on ion-specific electrode 
measurements. A tetaperature probe is required because temperature will 
affect ion-specific electrode and electrical conductivity measurements 
and must be known to make appropriate allowances. The electrical conductivity 
electrodes serve experimental objectives and also furnish a measure of the 
total ionic strength of solutions. 

At launch, the measuring vessel with its component electrodes and temperature 
probe contains a calibrating solution of known pH with low levels of each 
of the ions to be determined. After landing on Mars, the pH and ion- 
specific electrodes are calibrated, and electrical conductivity is 
determined, A soil sample, after acquisition, is then added to the 
measuring vessel containing the calibration solution. Readings at Intervals 
will then show increases in those ions which are being dissolved from 
Martian soil. When a3 1 parameters being measured reach equilibrium a 
dry, non— ionic nutrient such as glucose is added to the measuring vessel, 
parameters are then read at intervals for evidence of metabolism and 
life. 

III. Engineering Evaluation 

Key elements associated with the experiment Include miniaturized ion specific 
electrodes, liquid water, sampling system, sealing and pressurizing system. 
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Conversations with knowledgeable individuals at Sandia and Orion Research 
Inc., indicate that several probes in a cbnmon solution may interfere 
with one another. In addition, pH must be monitored and controlled to 
make accurate measurements. Any leak of water could create a false 
reading on one of the soil water measurements proposed for the penetrators, 
and considerable effort would have to be made to Insure a low probability 
of leaks. 

However, a start could be made on testing a system with the electrodes 
specified above to determine the magnitude of electrode interference, 
pH effects, and effect, if any, of interfering ions. 


SUBSURFACE GAS COMPOSITION 
I. Scientific Rationale and Objectives 

Life on the Earth is sustained in the waters and in or on the land. Without 
deposits of liquid water, life on Mars can only be sustained on the surface 
and in the regollth (soil) . The steady state of high oxygen and low carbon 
dioxide in the Earth’s atmosphere reflects the activity of surficial and 
light reactive organisms. Mixed with the surface populations and in the 
soil matrix a significant biological activity exists which accounts for 
traces of gases in the atmosphere such as H2S, GH4, N2G and CO; but more 
significantly the subsurface biology is sufficiently active to cause vari- 
atlons in the composition of the subsurface atmosphere that is significantly 
different from the surface atmosphere. These activities have been reported 
to produce subsurface carbon dioxide levels sufficient to provide steady 
states approaching five hundred times that of the surface atmosphere and 
ten times less molecular oiqrgen. 

The objective of this experiment is to infer biological activity by comparing 
the subsurface gas composition to the surface gas composition. On Earth 
there is a reduction of oxygen and an Increase In carbon dioxide. On 
Mars carbon monoxide, hydrogen sulfide, or nitrogen may be the differen- 
tiating phenomenon. 

II. Experimental Approach 

A miniature gas chromatograph in the probe forebody is used to analyze 
the subsurface gases. A port to the outside is required to allow the 
gas to enter the system. A carrier gas, such as helium, would be used 
to drive the sample gas through the GC. A vacuum tank would be required 
to pull the sample through the GG. This experiment would reply on the 
Viking surface gas analysis results to compare with the subsurface 
measurements . 
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Ill, Engineering Evaluation 


Key elements of this experiment are the GC, port to the outside, pressurized 
carrier gas and vacuum pump. Because of diffusion problems, the measurement 
requires that the hole caused by the penetrator be filled. Other constraints 
include performing the experiment under a permafrost layer and the porosity 
of the soil material as it affects diffusion of gases. 

Artificial sealing of the penetrator borehole is out of the question. 

There is no guarantee that it would fill naturally, and more Importantly 
it would be Impossible to tell whether it has filled or not. This experi- 
ment also requires that the penetrator come to rest under a very low 
porosity layer, such as permafrost. This seems to be an unrealistic 
targeting constraint. The experiment itself requires at least four valves 
to control the flows of gas through the GC. 

More studies are needed to better understand how the bore-hole filling 
problem and the diffusion problem may be affected by soil temperature, 
water content, cohesiveness, texture, etc., using presumed Martian conditions 
and soil models. 


OTHER METHODS FOR WATER ANALYSIS 
I. Nuclear Magnetic Resonance (NMR) 

This technique excites a soil sample placed in a strong magnetic field 
with a radio frequency signal. Changes in the resonant response of the 
system indicate the presence of hydrogen. Distinctive signals are given 
from water and from ice. Several techniques are available for excitation 
and detection, of which the spin-’-acho method appears to have advantages. 

A prototype system designed to monitor soil moisture under highways has 
been developed (Matzkanin and Gardner, Transportation Research Record. 

No. 532, pp. 77-87, 1975). The detector unit which holds the soil sample 
has been reduced to approximately 12 cu. in., including the permanent 
magnet, and weighs 3 1/4 lbs. The prototype instrument has been tested 
with bentonite, silica, and topsoil. It determines soil moisture from 0 
to 200 percent with an accuracy of 1 percent up to the 25 percent moisture 
level, and approximately 2 percent accuracy in the 25 to 100 percent 
moisture region. There is some difference in response between different 
soil types; addition of organic matter had little effect on the response 
from bentonite, but a significant effect on the results with silica flour. 
Structured water (adsorbed, or as ice) gave a different signal than that 
for liquid water. It is therefore probable that ice and liquid water could 
be distinguished on Mars. At this stage it appears that a soil sample 
would have to be brought inside the penetrator and weighed in order to 
obtain an accurate moisture determination. 
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The NMR experiment appears to have some merit but requires a soil sample 
of known mass to make an accurate water- content determinatijn* Mass 
measuring techniques have not been evaluated but appear to be difficult. 

The sensitivity of the NMR appears to be about 2 percent by weight of water 
by inference from hydrogen. This experiment appears to be feasible. 
Considerable development would be required to produce a flight hardened 
unit and an adequate soil sampling system. 

II. Capacitance 

A pair of electrodes separated by an insulating section form a capacitor. 
The capacitance value is partially determined by the dielectric constant 
of the surrounding soil. The capacitor formed is Incorporated as part of 
the tank circuit of an oscillator and changes in dielectric constant, and 
hence moisture, change the frequency of the oscillator. 

The effects of a variety of parameters have been studied (Selig and 
Mansukhani, J, Geotechnical, Engineering Div. , ASCE, GTS, pp. 755-770, 

1975) , including soil type, salt content, temperature, adsorbed water, 
and oscillator frequency. Preliminary data are available on several 
varieties of probes which appear to be feasible for driving into the 
soil through an opening in a penetrator. The probes may be solid, except 
for a small channel for wires; a steel point can form one electrode of 
the capacitor, and the other electrode may be a steel band separated from 
the point by an insulating band. With such a probe, the calibration with 
respect to moisture did not vary significantly with soil type. The 
standard deviation in moisture determinations in the range of zero to O.lg 
water/ce soil is about 7%; in the range of O.OSg to 0.5g water/cc soil, 
the standard deviation is less than 1%. 

The capacitive probe does not offer absolute calibration of water content 
for varying soil conditions, although it has a high sensitivity for changes 
in water content. 

This technique also seems feasible with some engineering development effort 
to either provide an insulated penetrator section (without weakening the 
structure) or deployable probes. 

III . Microwave 

The dipolar relaxation of water molecules results in an absorption of 
microwave energy which has been used in a variety of Industrial moisture 
sensors. The procedure has been studied for use as an implantable soil 
moisture sensor under highways (Blrchak, et, al., Proc. IEEE, 62, pp. 93- 
98, 1974). 
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.^onminiBlLlTY OF THE 


Introduction 


The objectives of the penetrator tests in loess were to determine the 
amount of material eroded from the penetrator and deposited in the 
soil, and to determine the changes in the structure, composition, and 
physical properties of the soil caused by penetrator emplacement. The 
test actually consisted of three separate operations; penetrator emplace- 
ment, penetrator and bulk sample recovery, and detailed sample recovery. 
Four test penetrators and one practice penetrator were emplaced into 
a loessial deposit about five miles northwest of McCook. Each penetrator 
and the soil directly adjacent were recovered in a single large sample 
container. The containers were transported to the Denver laboratory of 
Woodward -Clyde Consultants, a Sandia contractor, where detailed samples 
were collected by NASA and Sandia for analysis. This memorandum describes 
the test hardware, the test site, test procedure, penetration results, re- 
covery procedures, and detailed sampling procedure. 

Test Hardware 


Two full scale Mars penetrators were air dropped into the target and two 
0.58 scale model pene^-rators were emplaced using Sandia 's Mobile Gas Gun. 
Sketches of the penetrators are shown in figure 1. The full scale pene- 
trators had detachable afterbodies which separated from the forebody on 
impact, leaving the antenna at the surface. The separation point was at 
the beginning of the flared section {see figure 1). An umbilical cable 
connected the single channel telemetry package located in the forebody 
to the antenna located on the afterbody. In addition to the telemetry 
package, one full scale penetrator, the second air-dropped unit, had a 
water detection device supplied by OPL onboard. The test penetrators 
were made of D6A-C steel. The chemical composition of D6A-C steel is 
given in Table I. One of the full scale and one of the subscale penetra- 
tors had ports and protrusions to simulate doors and deflectors located 
at the midpoint of the body. The configuration of the ports and protru- 
sions are shown in figure 2. The .5mm {.02 in.) aluminum disks which covered 
the large port had four strips of temperature sensitive paint on the in- 
board surface. The strips of paint change colors at temperatures of 59°C, 
107°C, 142“G, and 198°C. The surface finish of the test penetrators was 
very smooth so that abrasion could be easily detected. An additional 
small aluminum penetrator was emplaced with the Mobile Gas Gun. This 
aluminum penetrator was used to practice the primary recovery technique 
prior to employing the technique on the test penetrators. 

Test Site 

The Loess Target Test was conducted on an abandoned Army Air Corps base 
located five miles northwest of McCook, Nebraska. A layout of the test 
area, together with the approximate locations of the key equipment used 
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during penetrator empl acentent. Is shown in figure 3. The target area 
was a rectangle approximately 304 meters long and 152 meters wide located 
in the northwest corner of the area bounded fay the three runways. A 
detailed view of the target area is shown in figure 4. The approximate 
locations of the penetrator impact points and four test holes which were 
drilled in August 1975, are shown in figure 4. The detailed drilling 
logs and summaries of laboratory test results for Test Holes 20 and 22 
(TH 20 and TK 22) are presented in figures 5 and 6, and Tables II and III. 

Test Procedure 

The full scale penetrators were dropped from an U-6A "Beaver" airplane. 

The aircraft had six bomb racks on the wings and a telemetry receiving 
station onboard. For each full scale penetrator drop test, the aircraft 
was loaded with five practice bombs and one test penetrator. The practice 
bombs were ballistically similar to the full scale test penetrators and 
they discharged a puff of smoke upon impact. During the loading of the 
test penetrators, extreme care was taken not to scratch the penetrator 
surface. Just prior to takeoff, the test penetrators were cleaned with 
trichloroethylene to minimize the chances that extraneous contaminants 
would be introduced into the soil by the penetrator. Once the aircraft 
was over the test site, practice bombs were dropped until the release 
controller was satisfied that the test penetrator would hit the target 
area. After the test penetrator was dropped and located, photographs were 
taken, and the afterbody was removed exposing the borehole made by the 
penetrator. The borehole was probed to determine the depth of the pene- 
tration. Then a string of thermistors was inserted into the borehole, 
and the borehole vertical temperature was monitored by personnel from NASA 
and the University of Southern California. One scale model penetrator was 
emplaced approximately 15 meters from the impact point* of each full scale 
penetrator. 

Penetration Results 

A summary of the penetration results. Including the release and impact 
conditions, is presented in Table IV. The first full scale test penetra- 
tor impacted in a low lying area barren of plant growth and snow cover 
near Test Hole 20 (figure 5 and Table II), The practice penetrator and 
the first scale model penetrator were also emplaced in this area. The 
soil in this low lying area was more clayey, more moist and dense than 
the soil in the remainder of the target area. In addition, the lack of 
snow cover caused the soil in this area to be frozen to a greater depth 
than the soil in the remainder of the target area. A complete telemetry 
record was received from the first full scale penetrator. The decelera- 
tion and velocity vtvsus time and displacement are shown in figures 7 and 
8 respectively. The deceleration versus displacement data were used, 
together with Young's penetration equation for complex penetrators and 
layered soils, to calculate a penetrability index profile (S t^umber) for 
the target. The calculated penetrability profile is shown in figure 9. 

The broken line shows the deceleration values used to calculate the pene- 
trability of the three layers encountered. 

No telemetry record was obtained from the scale model penetrator emplaced 
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in this hard area. The reason for the lack of transmission is not known 
for certain, however, an antenna failure is suspected. In the absenct: 
of a telemetry record, the deceleration of the scale model was estimated 
using the penetrability profile obtained from the full scale penetrator 
and Young's penetration equation. The estimated deceleration and velocity 
versus time and displacement for the scale model penetrator are shown in 
figures 10 and 11 respectively. The calculated depth of 1.65 m agrees 
well with the measured depth of 1.61 m. 

The second full scale and scale model penetrators were emplaced in a 
softer area near Test Hole 22 (figure 6 and Table III). The soil in this 
area was a true loess, not water-deposited clayey silt as found in the 
low lying area where the f -st pair of penetrators were emplaced. No 
telemetry record was received from the full scale penetrator, because the 
umbilical broke shortly after impact. A partial telei.;;try record was ob- 
tained from the scale model penetrator. The partial record is shown as 
the solid line in figures 12 and 13. The signal was lost after about 7 
feet of penetration due to masking by the soil overburden and ice cover 
at the surface. The remainder of the deceleration record was estimated 
by forcing the penetration event to be completed at the measured depth. _ 

It was necessary to assume that either a hard layer was encountered during 
the last 2 meters of travel or that. locking occurred^ causing a deceleration 
increase at the end of the event. During recovery, it became obvious that 
a hard layer was not present, therefore, locking was assumed. 

As in the case of the first full scale penetrator, the available decelera- 
tion versus displacement data were used to crlculate the profile of the 
soil. The calculated penetrability profile is shown in figure 14. The 
profile indicates a fairly hard layer (S = 6) about two feet thick followed 
by soil twice as penetrable. It is interesting to note that even the hard 
layer in this area is almost twice as penetrable as the hard soil in the 
low lying area where the first two penetrators were emplaced. 

The calculated penetrability profile was used to estimate the deceleration 
experienced by the full scale penetrator dropped in the soft area. The es- 
timated deceleration and velocity versus time and displacement are shown 
in figures 15 and 16. Again, the calculated depth of 8.29 meters using the 
estimated deceleration, agrees quite well with the measured depth of 7.92 
meters. 

Penetrator and Bulk Sample Recovery 

Each penetrator and the soil adjacent to it were recovered in one large 
sample container. The recovery procedure was designed and executed by 
Woodward^Clyde Consultants of Denver under contract to Sandia, The basic 
elements of the recovery procedure are illustrated in figure 17. Once 
the subsurface location of the penetrator v.'as determined, a 1.2 meter diameter 
pilot hole was augered to within about .3 meter of the aft end of the 
penetrator. The exact location of the tail of the penetrator was estab- 
lished, and an 2.4 meters, diameter hole was augered with the penetrator cen- 
tered in the bottom of the hole. As much soil as possible was removed 
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from around the desired sample with a .6 meter auger. The remainder of the 
soil was carved away by hand. A circular plate was then placed on the 
top of the cylinder containing the penetrator. As each 
section of the desired sample was exposed, plastic was wrapped around 
the sample to maintain the moisture content. A split cylindrical steel 
container section was secured around the sample with a layer of 
foam rubber placed between the container and the plastic wrap to provide 
some confining stresses to maintain sample integrity. This procedure 
was continued until the sample was completely encased. The container was 
then attached to a crane to provide support while the bottom (forward end) 
of the sample was cut free. Once the sample had been cut free and the 
bottom cover installed, the container was lifted from the excavation and 
put into a foam-lined box for shipment. The aluminum practice penetrator 
was recovered first and the container was opened at the test site, where 
NASA ARC personnel obtained samples from directly adjacent to the practice 
penetrator. These samples were studied to see if the recovery technique 
had somehow changed the nature of soil near the penetrator. It was con- 
cluded that the recovery technique had not changed the soil in the area 
of interest, and the four test penetrators were then recovered in the 
same manner. 

In addition to the very large samples containing the penetrator. Several 
samples of undisturbed material were taken for moisture content, grain 
size distribution, and mineralogical analysis. Twelve undisturbed samples 
for potential use in tri axial tests were taken from area around the second 
full scale penetrator and shipped to NASA Ames. Themal conductivity mea- 
surements were made by NASA contract personnel on site. 


Detailed Sample Recovery 

The large sample containers were transported via truck to the Denver Tab- 
oratory of Woodward-Glyde. In Denver, detailed samples were obtained from 
the areas directly adjacent to the penetrator skin. The prime responsibil- 
ity for the detailed sampling belonged to NASA Ames, with support provided 
by Sandia and Woodward-Glyde. Questions regarding the rationale behind, 
and the details of, the detailed sampling procedure should be directed to 
NASA Ames. Only a general description of the procedure is presented here. 

The aft end of the sample container was removed, and NASA personnel made 
thermal conductivity measurements in the soil at various radial distances 
from the aft end of the penetrator. After the thermal conductivity mea- 
surements were completed, the sides of the container were removed and about 
one-half the soil removed. Several samples were taken for moisture con- 
tent, gradation, and mineralogical analysis. A very thin layer of 
soil' (1mm to 3mm) was left around the penetrator. Flakes of soil were 
removed from directly adjacent to the penetrator for surface analyses of 
the penetra tor/soil interface. Scrappings were taken for mineralogical 
analyses. After sampling was completed, the penetrators were removed from 
the remaining soil. Peels were taken of the soil adhering to the penetra- 
tors after removal from the containers. 
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The results of the laboratory analyses of the soil samples are, of course, 
not complete. However, several pertinent observations were made during 
sample collection. The penetrators were not made of stainless steel and, 
consequently, much surface oxidation occurred. The surface of the pene- 
trators ranged in color from orange to black, except in regions directly 
behind holes or protrusions where the surface was still shiny. The ap- 
parent oxidation migrated into the soil, and the interface surface of the 
soil was the same color as the adjacent penetrator surface. The noses of 
the penetrators were very smooth, with no observable indication of physi- 
cal abrasion. The soil from the low lying hard area was composed of layers 
of varying colors. The distortion of these layers near the penetrator sur- 
face provided a vivid picture of the "viscous-like" effects of the end of 
the penetration event. 

All penetrators and the bulk soil sample from the scale model fired into 
the hard area were shipped to NASA Ames. The remainder of the bulk soil 
samples from the two full scale penetrators were shipped to Sandia. Both 
NASA and Sandia retained small samples for laboratory analysis. 

Concluding Remarks 

With the exception of the lack of telemetry data from two test penetrators, 
the Loess Target Test was an unqualified success. The new recovery tech- 
nique, developed by Woodward-Clyde Consultants, Denver, provided the clos- 
est thing to an undisturbed sample of the soil around a penetrator that 
is presently possible. The effect of the oxidation of the penetrator sur- 
face on the conduct oF geochemistry is still undetermined. However, if 
it should become necessary to use stainless steel for the Mars Penetrator, 
PH 13-8 Mo stainless steel appears to have sufficient strength, toughness, 
and hardness to be an acceptable alternative to D6A-C. 
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Table 1 


CHEMICAL COMPOSITION OP D6A-C STEEL 


Pe - 

96.52 to 

9^.95 

C - 

0.45 

to 

0 

.50 

Cr - 

0.90 

to 

1 

.20 

Mo - 

0.90 

to 

1 

.10 

N1 - 

0.40 

to 

0 

.70 

Mn - 

0.60 

to 

0 

.90 

V - 

o 

o 

CO 

to 

0 

.15 

SI - 

0.15 

to 

0 

.30 


P - 0 to 0.10 
S - 0 to 0,10 
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Figure 2 


1.03 cm' (.406 in) diameter hole 


Small Screw Simulating Deflector 


T\ \ \t 




f^rrrrx 


.03 CM (.406 in) diameter hole covered with ,5 mm (.02 in) 


Door and Deflector Simulations (Full Scale Dimensions) 
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Figure 4. Target Area 
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V/OODWAIJD- CLYDE CONSULTANTS 

CONSULTIiNG ENGIi'lEE.RS, GEOLOGIST;; AND LNV lUOrl MENTAL SCIENTISTS 
ROCKY MOUNTAI'N REGION 

TABLE II 

SUMMARY OF LABORATORY TEST RESULTS 
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DEPTH 

(FEET) 


WOODWARD- CLYDE CONSULTANTS 

CCNSULTtNG ENGINEERS, GEOLOGISTS AND ENVIRONMENTAL SCIENTISTS 
ROCKY MOUNTAIN REGION 

TABLE III 

SUMMARY OF LABORA TORY TEST RESULTS 

NATURAL NATURAL dryI LIMITS UNCONFINED TRIAXIAL SHEAR TESTS 
MOISTURE DENSITY [LIQUID jpLASTICITV COMPRESSIVE "deVIATOR I CONFINING 

(%) (PCF) LIMIT INDEX STRENGTH STRESS PRESSURE 

(%) 1%) <P3F) (PSF) (PSF) 


JOB NO. 183 35 


SOIL TYPE 


87.7 
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91.2 
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TABLE IV 


MARS PENETRATOR 
LOESS TARGET TEST DATA SUMMARY 


DATE 

RELEASE CONDITIONS 
ALTITUDE VELOCITY 
in(ft|, AGL (KTS) 

IMPACT CONDITIONS 
VELOCITY ANGLE 

(inps(fps)) (Deg) 

DEPTH 
TO NOSE 
m(ft) 

1/14/76 

1980(6500) 

80 

120(395) 

8 

2.46(7.5) 

1/15/76 

Air Gun 

Air Gun 

159(520) 

0 

1.74(5.3) 

1/15/76 

1526(5000) 

80 

133(435) 

15 

8.53(26) 

T/T5/76 

Air Gun 

Air Gun 

136(445) 

0 

4.60(14) 
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Figure 11. Estimated Deceleration and Velocity Versus Displacement^ 
Scale FIodel^ Hard Area 
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Figure 12. Deceleration and Velocity Versus Time. 
Scale Model. Soft Area 
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PRELIMINARY RESULTS OF ANALYSES PERFORMED ON THE SOIL 

ADJACENT TO PENETR^TORS EMPLACED INTO LOESS SEDIMENT 
MC COOK. NEBRASKA, JANUARY 1976 

The penetrator and a column of surrounding soil (radius ''' 46 cm) 
were sealed in place and encased in a steel container before being removed 
from the drill hole. After being transported to Denver, Colorado, the con- 
tainers were opened in the Woodward - Clyde Laboratories about 14-16 days 
after the drop tests occurred. In the laboratory, the nature of the physical 
changes were observed and soil samples surrounding the penetrator were 
recovered for later analytical studies . The moisture content in the soil 
during encasement and transportation remained largely unchanged. The 
moisture content just prior to encasement (see Table 1) was between 15-16% 
dry weight for the five impact sites . The moisture content in the soil during 
recovery at the Woodward - Clyde Laboratories was between 14-17% dry 
weight . Measurements taken on undisturbed samples indicate the soil saturates 
at about 22% soil moisture. 

Ob servervations indicate the original sedimentary structures were 
modified by the penetrator 's impact. The clay and silt layers in the sediment 
were deformed (see Fig. 1) by the penetrator as it passed through them. 

Drag folds developed about 5 cm away from the peneti'ator rotating some of 
the once horizontal layers to a vertical orientation about 1 cm away from 
the penetrator . In this zone (0-1 cm) the sediment was mixed and crushed 
so that nearly all evidence of the original layers were destroyed. A series 
of parallel shear planes (see Fig. 2) now characterize the only structure 
evident in this zone . These shear planes can be described as a series 
of en fechelon conical-shaped surfaces having their apex pointing towards the 
penetrator 's nose and intersecting tlie penetrator 's skin at 5-10° angles. 
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TABLE 1 


SOIL MOISTURE AT TEST SIxE IN McCOOK, NEBRASKA, JANUARY 1976 


Woodward-Clyde Recovery Sequence 

Penetrator Type 

Depth of Penetration 

Soil Moisture 

(% dry weight) 




Prior to Encasement After Recovery 




(McCook) 

(Denver) 

1 

Alumiauffi, Ait- 
Gun Launched 

1.54m 

16.1 

16.8 

2 

D6AC Steel, Air 
Gun Launched 

1.74m 

15.6 

17.7 

3 

D6AG Steel, Air- 
craft Dropped 

2.46m 

15.3 

14.5 

4 

D6AG Steel, Air- 
craft Dropped 

8.53m 

15.3 

15.4 

5 

D6AC Steel, Air 
Gun Launched 

4.60m 

16.1 

14.4 

Soil, Saturated 


25ram - 150mm 

23.5 


Soil, Saturated 


300mm 

22.1 





Foi'ward motion of penetrator 


Figure 1 
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Soil samples were recovered in zones surrounding each penetrator . 
These zones were divided into the following increments: 0-1 mm, 1-2 mm, 
and farther than 2 mm away from the penetrator. From these zones soil 
samples were taken in 10-cm sections from the nose to the aft-end of the 
penetrator. Also, undisturbed samples of soil were recovered for comparison. 

Preliminary results have been obtained from analyses performed on 
the soil layers immediately adjacent to the full-scale vehicle penetrating the 
loess sediment (WC#4 in Table 1). Size distribution studies (see Fig. 3) 
comparing the undisturbed loess with the modified material in the 0-1 mm 
zone adjacent to the penetrator's skin show that a significant increase has 
occurred in the particulate material larger than 125 microns in size. 

This material is a combination of glass and sintered sediment grains formed 
from the original loess and at the expense of the clay size (<8 p) particu- 
lates . 

Optical microscopy studies show that the material next to the pene- 
trator's skin is eharacterized by a layer of dark brown glass approxi- 
mately 50 pm thick . The elemental content of the glass layer consists of 
Na, Mg, Al, Si, K, Ca, Cr, Fe, Ni, and Mo. Relative to the host sediments, 
consisting largely of quartz, plagioclase, and K-feldspar (see Table 3) , 
the glass is enriched in Ca, Cr, Fe, Ni, and Mo, and deficient in Al, Si, 

K, and Na. The Cr, Fe, Ni, and Mo came from the penetrator and Ca from 
the sediments (probably dissociated calcite) . 

A profile analysis with an electron microprobe using an enlarged 
beam spot size (about 30 microns) was performed on a cross section of 
sediment taken directly from the penetrator' s' skin containing the glass. 
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TABLE 2 


ELEMENTAL COMPOSITION OF PENETKATOR STEEL ALLOY 


Elements DbA-C Specifications* 


Fe 

96.52-94.95 

e 

0.45- 0.50 

Si 

0.15- 0.30 

p 

0.00- 0.10 

s 

0 . 00 - o.io 

V 

0.08- 0.15 

Gr 

0.90- 1.20 

Mn 

0.60- 0.90 

Ni 

0.40- 0.70 

Mo 

0.90- 1.10 


Electron Microprobe Analyses (Weight %) 
Penetrator Interior 

96 . 2 

0.2 

G.08 

0.08 

1.0 

0.7 

0.6 

1.0 

99.86 


*Sandia metallurgical report 
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TABLE 3 


MINERALS IDENTIEIEB BY 0PTICAL MICROSCOPY IN UNDISTURBED LOESS SOIL 
ADJACENT TO PENETRATOR DROPPED AT WC#4 SITE 


Mineral Name 

Quartz (3102) 

K-Feldspar-Microeline [ (K,Na) (AlSl^Og) ] 

Plagioelase- 

Albite (NaAlSigOg) 

Mica- 

MusGOvite i[KAl2(AlSigOg) (011) 2] 

Biotite [K2(Mg,Ee)2 (AlS±30j^g) (Ott)2] 

Opaques- 

Ilmenite (FeTlOg) 

Magnetite (Fe^O^) 

Hematite (Fe203) 

Limonite (Fe0*0H*nH20) 

Other Minerals- 

Hornblende 5 2 ^ 4 ^ 11 ^ 2 ' 

Augite [CA(Mg,Fe) (8103)21 (Al,Fe) 203]^] 
Rutile (1102) 

Zircon (ZrSiO^) 

Sphene (CaTiO'(SiO^) 

Garnet [ (Mg,Fe,Mn,Ca)3Al2(Si0^)3]i 

Tourmaline [Na(Fe,Mg) 3B3Al3(0H)^(Al3Sig02y) ] 
Caleite (CaCOg) 


Estimated % Abundance in Undisturbed Soil 


60 

10 

20 

3 


3 


4 


100 





sintered material, and adhering sediment. The results show (see Fig. 4) 
the Fe content immediately adjacent to the penetrator is about 30% and drops 
off to about 10% three millimeters away. Similarly, the Cr content immedi^ 
ately adjacent to the penetrator is about 2% and drops off to the ppm level 
about 1 ram away. However, when the electron beam size was reduced to 
about a 3-micron -diameter , the Fe and Cr contents were shown to be highly 
variable. Fe content ranged from 1% to 54%, Two trends (see Fig, 5) are 
evident for the Fe content: (a) a general increased Fe level in the 10-30% 

range caused by the introduction of metal from the penetrator, and (b) the 
natural Fe level in the original sediment which was about 1-2%. The Cr content 
was shown to be about 3% and dropped off to the ppm level within 1 mm away 
from the penetrator 's skin. Although the abundance of Fe in the penetrator 
alloy was about 96%, the other elements (Cr, Ni, and Mo) occurred in the alloy 
at the 1% level (see Table 2) . Analysis of the surface of the glass shows that 
the Cr, Ni, and Mo occur in greater concentrations in the glass than they 
were in the penetrator alloy, and Fe occurs in a greater concentration in the 
glass than it was in the host sediment. The Cr, Ni, Mo, and A1 concentrations 
were compared with Fe from place to place within the glass and show (see 
Fig. 6) that Cr, Ni, and Mo concentrations increase with increasing Fe, 
whereas A1 content decreases v/ith increasing Fe. This demonstrates the 
Cr, Ni, and Mo were introduced along with the Fe into the host sediments. 

Comparisons between the undisturbed and modified soils show 
(see I'able 4) that important changes occurred ?n elemental concentrations 
within the glass and in the 1-2 mm zone adjacent to the penetrator . Na is 
less abundant in the glass than it was in the host sediment and it appears 
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TABLE 4 


COMPARISON OF ELEMENTAL COMPOSITION BETWEEN UNDISTURBED AND MODIFIED LOESS SEDIMENT 

ADJACENT TO PENETPATOR DROPPED ATWC//4 SITE 


Element 

Undisturbed Soil 

Modified Soil Next 

1 

to Penetrator 


Sample A 
(1) 

Sample B 
(1) 

l-2mm Zone 
(1) 

0-lmm Zone 
(1) 

Glass Layer 
Brown (2) Black (2) 

Na 

j 0.53 

0.77 

1.14 

1.21 

0.04-.52 

0.03-.41 

Mg 

1 0.95 

0.92 

0.87 

0.86 



A1 

6.22 

6.23 

6.28 

6.01 

3. 3-6.6 

0.6-5. 3 

Si 

31.85 

32.11 

32.55 

31.35 

10.5-25.7 

2.4-20.7 

P 

0.06 

0.06 

0.05 

0.06 



K 

2.19 

2.23 

2.20 

2.16 

0. 5-1.0 

0. 6-1.0 

Ca 

2.37 

2.40 

2.28 

2.32 

2. 0-6. 2 

0. 8-3.4 

Ti 

0.31 

0.33 

0.31 

0.31 



Cr 

0.0035 

0.0034 

0.0032 

0.0104 

0.2-1. 7 

2.2-12.5 

Fin 

0.04 

0.04 

0.04 

0.04 



Fe 

2.21 

2.22 

2.25 

3.64 

14.2-26.4 

23.6-49.0 

Ni 

0.0015 

0.0012 

0.0026 

0.0064 

<0.02 

0.02-0.17 

Mo 

0.0026 

<0.0020 

<0.0020 

0.0107 

<0.02 

<0.02-7.4 


(1) XRF - Sample averaged from forward, middle, and aft sections of penetrator. 

(2) Microprobe - 25 separate analyses from each piece located forward, middle, and aft 
of penetrator. 



to have migrated from the glass region thereby increasing its concentration 
in the 1-2 mm zone . Ca is more abundant in the glass than it was in the 
host sediment and it appears to have been depleted from the 1-2 mm zone. 

Fe, Cr, Ni, and Mo are all more abundant in the glass and 1-2 mm zone than 
they were in the host sediment. 

Because most, if not all, of the Fe abraded from the penetrator into 
the sediment is now hydrated, there seems little chance of determining just 
how far these particles migrated into the sediment during emplacement. 

Fe is more mobile than Cr, Ni, and Mo in an aqueous environment. The 
limit of mechanical mixing for the abraded iron alloy may occur where the 
concentration of these later elements reaches the background level in the 
sediments. However, since the abundance of these elements is ten times less 
than Fe in the penetrator alloy, they may still exist but in such sni?!! grains 
that they are below the detection limit . 

The mineralogical changes (see Table 5) characterizing the glass 
include: (a) introduction of numerous micron size grains of a iron and 

occasional grains of a Cu-Sn alloy from the penetrator; and (b) the formation 
of cristobalite, lechatelierite (?), and an opaline-like silica glass. The clay 
minerals, calcite, and mica have been depleted from the glass. The mor- 
phology of some of these abraded metal grains resembles spherules . The 
mineralogical changes in the sediment farther away from the penetrator 
(50 p to 2 mm) include: (a) introductioii of a iron particles and a number of 

iron oxide and hydrated iron oxide phases (e.g, , hematite (Fe 202 ), 
goethite (aFeC^CIi), limonite (FeOOH'nH^)); and (b) formation of reduced 
quantities of the opaline-like silica glass (Si 02 nH 20 ), occasional droplets of 
lechatelierite glass (Si02) and aragonite (CaCO^) which transformed from calcite. 
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TABLE 5 


GENERAL ABUNDANCE OF MINERALS IDENTIFIED IN LOESS SOIL 
AT PENETRATOR IMPACT SITE OBTAINED BY XRD, EM, OM 


Mineral Name 


Silicates 

Quartz 

K-Feldspar 

Plagioclase 

Mica 

Clay 

Hornblende 

Augite 

Cristobalite 
Lechatel ier i t e 
Amorphous (Opal) 

Carbonates 


Calcice 

Aragonite 

Metal 


Undisturbed 

Sediment 


H 

L 

M 

L 

L 

t 

t 


Modified Sediment 


Behind 
Screw Head 
(Q-lmm thick) 

H 

L 

M 

t 

t 

t 

t 


t 

t 

t 

L 

L 

L 

L 

L 


Inside 

Screw Hole Within Glass 50p-liran l-2mm 


0-50U 


iron Alloy (a Fe) 

Cu-Sn Alloy 

Metal Oxides 

Ilraenite t 

Rutile t 

Magnetite t 

Hematite 
Goethite 
Lepidocroeite 
e 10^03 

Llmonite t 

FeG-Cr 203 

H = High M = Moderate L = Low t = trace 


H 

L 

M 

t 

t 

t 

t 


L 

L 

L 


t 

t (?) 
H 


L 

t 


L 

L 

t 


Zone 

H 

L 

M 

t 

t 

t 

t 


t (?) 


L 

t 

t 

t 

t 

t 

t 


Zone 

H 

L 

M 

L 

L 

t 

t 


L 

L 
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Formation of cristobalite demonstrates that the soil temperatures within 
50 of the skin must have been several hundred degrees above the ambient 
soil temperature . It seems likely that cristobalite crystallized at the Scime time 
the opaline-like silica glass phase was formed and was metastably preserved 
upon cooling . Most of the glass is now hydrated except for the few small 
( '''10 |im) droplets of lechatelierite . An attempt was made to determine the 
melting temperature of the undisturbed sediment. A sample of powdered sedi- 
ment was pressed and allowed to absorb 16% water and then sealed in a closed 
tube and heated. The mineral grains became sintered at 1100*^C. However, 
because the closed tube volume was much larger than the sediment tested, 
the water content of the sediment at the time of sintering was probably 1-2%, 
Therefore, it appears that the near^dry sediment melts at a temperattue above 
1100°C, and with a 16% moisture content it will probably melt at a much lower 
value . 

The calcite-aragonite transformation is known to occur at 2-3 kilobars at 
20°G. At higher temperatures it occurs at higher pressures. Aragonite was 
found in this study because it was preserved metastably. However, aragonite 
has also been produced by prolonged grinding of ealeite at 20°C . In this 
instance it was believed that this kind of transformation is a consequence of 
Gombining a shearing force with hydrostatic pressure . It is not certain if this 
kind of transformation can be produced by the transient pressures caused by 
the penetrator . 

In attempting to reconstruct the sequence of events suggested from the 
data (see Table 6) obtained thus far, it seems metallic particles were abraded 
from the penetrator as it forced its way through the sediments . During this 
action the sediments became deformed and were crushed . The skin of 
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TMILE 6 


TENTATIVE SUMMARY OF GHANGES IN LOESS AT PENETRAT0R IMPACT SITE 


Region 

Material 

Elemental Changes 

Mineralogical Changes 



Increase 

Decrease 

Introduced or Newly Formed 

Depleted 

O-50y 

Glass layer sur- 
rounding peneferator 

Fe,Gr,Mo,Ni,Ga{?) 
(i.e.,Fe 14-49%) 

Si,Al,K,Na 
{i.e.,Sl 2-26%) 

a'Fe(Fe,Cr ,Mo) 
Cu-Sn Alloy 

Mica 

Calcite 





Cristobalite (SiO^) 
Opal (SiO^'nH^O) 

Clay 

SOn-lmm 

Crushed sediment 

Fe,Gr,Mo,Ni,Na 

Si,Al,Ca(?) 

aFe (Fe ,Gr,Mo) 

Calcite? 





Hematite (Fe202) 
Goethite (aFeO'OH) 

Clay? 





Lepidocrocite (yFeO'OH) 






Limonite (FeO*OH*nH20) 
Pe0-Cr202 

Lechatelierite (Si02) 


l-2nnn 

Crushed sediment 

Fe,Gr,Mo,N± 

7 

Opal (Si02*nH2O) 
Aragonite (CaCO^) 

Calcite 


the penetrator became very hot. perhaps some of the micron size abraded 
metal melted and oxidized. As the vehicle travelled, the heat from the 
penetrator raised the temperature of the soil grains in a layer about 50 [jm 
thick (now crushed into powder) to sufficient temperatures to oxidize most 
of the micron size abraded Fe particles and melt the clay particles of the host 
sediment. Cristobalite was formed upon cooling in the presence of water 
during the production of an opaline-like silica glass. Small grains 10 pm 
size) of the lechatelierite were also formed on the outside of the glass layer. 

It seems likely that the iron and iron oxide particulate material abraded from 
the penetrator' s skin, was hydrated and oxidized by the high water content 
in the sod. This migrating water was also responsible for increasing the 
Fe content in the matrix of the sediments farther away than 2 mm from the 
penetrator' s skin. 

In conclusion, these preliminary results indicate that a sample grabber 
will be necessary before an onboard a-backscatter or x-rayfluorescence/ 
diffraction experiment can make a meaningful m iitn soil analysis . These 
results must be considered with caution since differences observed between 
different types of analyticcd studies have yet to be resolved. Detailed com- 
parisons between x-ray diffraction. electron microprobe, scanning electron 
microscopy, and optical microscopy will be performed to verify the new and 
depleted minerals . Differential tliermal analysis of the clay minerals has not 
been completed and will be correlated with low-angle x-ray diffraction 
studies. Also, additional experiments will be performed in an attempt to 
determine the temperature the sediments were raised to immediately adjacent 
to the penetrator' s skin. 
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Additional studies are planned for the full-scale vehicle penetrating 
the clay layered silt sediments (WC#3) . Comparisons will then be made 
between the two full-scale vehicles with the two 0.58 scale vehicles (WC#2&5) 
launched by the air gun • The purpose of these later studies is to determine 
if the soil modification is the same for the small-scale vehicles so that they 
may be used for future investigations to reduce costs . 
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APPENDIX K 


INFLUENCE OF PENETRAT0R ON LOCAL SOIL TEMPERATURES 


William Pitts 
Thomas N. Canning 
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concept, here, is to measure the local soil temperature quickly (before heat 
stored and generated in the penetrator can diffuse). The key measurements 
must be completed in a few minutes. 


Several nodes are identified in the borehole wall (numbers 5, 6, 7). 

These represent the potential locations of sensors mounted on the umbilical 
cable between the penetrator and its afterbody at the surface. The potential 
for measurements relatively remote from the penetrator depends on impacting 
reasonably penetrable regoliths.. As shown below, umbilicus measurements 
provide very much longer test periods free of complex interference from the 
penetrator body, nose, and RTG than do local measurements. 

MAGNITUDES OF ENERGY SOURCES 

The initial temperature of the penetrator must lie in the range for 
good battery performance because implantation requires simultaneous operation 
of the data system, longitudinal accelerometer, and some of the experiments. 
Thus prompt operation of the system sensors demand that the initial temperature 
must lie between 311®K and 243°K. With soil temperature (at depth) ranging 
from 150°K to 225°K the temperature difference might range from 161°K to 18°K. 

A temperature difference of 100°K has been selected for these calculations. 

The impact velocity of the penetrator, 135 to 165 meters per second, 
yields a specific energy of 182 to 272 x 10® erg/gm or 4.4 to 6.5 cal/gm. 

Even if all this energy were to remain in the penetrator, the average 
temperature rise would be only about 22 to 33°K. An experiment described 
later has shown, on the other hand, that the kinetic energy is divided roughly 
equally between soil and penetrator and that which goes to the latter is 
delivered on the ogival penetrator nose. This is consistent with an average 
temperature rise of the solid ogive of 200® K. 

The other half of the kinetic energy is delivered impulsively to the 
soil lining the borehole; it yields a temperature rise of about 50°K 
averaged over the inner 1 im of soil. This model is consistent with studies 
of soil modification described by Blanchard, et al . 

Finally, the long-term heating resulting from RTG operation is taken 
to be 2.5 cal/sec (about 10 watts). This yields in three days an energy 
comparable to that for the initial temperature difference of 100“K. 

DESCRIPTION OF RESULTS 


Stored Energy Term 

Conduction of the stored energy (initial bulk temperature difference 
between penetrator and soil before impact) into the adjacent soil results 
in fairly prompt and large temperature rises at points 1, 2, 3, and 4 in the 
lateral array as indicated in Figure 2. Clearly, a probe in such an array 
must equilibrate within a few hundred seconds, indicated by an estimated 
cooling curve for a 1 mm diameter Steel probe, in order to approach the 
initial soil temperature before the stored-heat pulse arrives. 
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Similar curves for the borehole array (5, 6, 7) show that, owing to 
greater distance from the penetrator and situation- beyond the end as well, 
the stored-heat pulse arrives much later, so that gauge equilibration to 
local temperature should present no problem. 

Borehold Heating by Kinetic Energy 

Deposition of half of the kinetic energy at impact in the borehole walls 
results in an initially high temperature in the borehold array. This 
temperature history is indicated in Figure 2 for point number 7 (at 35 cm 
from the penetrator base). The stored heat effect is perceptitjle in the 
results only after about 20,000 seconds; thereafter this effect dominates 
and yields a reversal in trend. Extrapolation of the cooling curve (dashed 
line) and use of sensors still farther from the penetrator Should yield 
local temperatures with high accuracy, particularly because the uncertainties 
in the coupling between sensors and the borehole wall are of vanishing 
importance for such Tong times. 

The small effects of borehole-soil heating (kinetic energy pulse) are 
shown in Figure 3 for the lateral array points, 1, 2, 3, and 4. 

Kinetic Energy Stored in Nose 

The other half of tho kinetic energy dissipated during deceleration in 
the regolith is deposited in the ogival nose of the penetrator and is sub- 
sequently conducted outward and along the penetrator body. This effect is 
now shown for the borehole array because it is not felt until long after the 
initial stored energy pulse has dominated the history. On the other hand, 
the effect is quite important in the lateral array (see Figure 2, point 2) 
where initial temperature transients comparable to those resulting from the 
stored energy are realized. 

RTG Power Dissipation 

The 10-watt (total) emission from the RTG located forward in the 
penetrator body dominates over all other effects only after several days of 
operations as indicated in Figure 3, but its effect may be felt during the 
prime measuring period in the forward part of the lateral array. A 0.05®K 
temperature rise is calculated at 25 cm above the penetrator only after 
18 hours of operation. 

CONCLUSIONS 

Although the interfering heat-pulse components from the penetrator 
compromise the lateral probe scheme for soil -temperature measurement within 
a few minutes, such a measurenent may in fact be feasible. 

The measurement of temperatures along the borehole is conceptually simpler 
because the various heat pulses are greatly delayed. On the other hand, use 
of this array requires much deeper penetration in order to deploy a sufficiently 
Tong umbilicus. 
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RECOMMENDATIONS 


It is recommended that the subsystem development program include the 
qualification of a multiwire umbilicus for deployment of several thermistors 
or thermocouples in the borehole. 

It is further recommended that numerical modelling of both umbilicus and 
lateral *probe measurement schemes be made more representative of realistic 
experiments in order to provide adequate error analyses. 


A CAVEAT TO OTHER EXPERIMENTERS 


It is seen that the three sources of thermal energy, stored, kinetic, 
and radioactive, will conspire to warm the environment of the penetrator. 
Depending on the impact location, the temperature can rise, fall, and sub- 
sequently rise or it can rise monotonically throughout the penetrator 's 
operating life. Great care must be exercised to identify all important 
effects which this may introduce. Some possible effects are: 

1. Vaporization, transport, and freezing (elsewhere) of water 
followed by subsequent revaporization and further transport. 

2. Production of a large region of carbon-dioxide-depleted regolith 
in areas where permafrost (CO 2 ) is the natural state. 

3. Transport of water vapor away from the penetrator resulting from 
1 above. 
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FIGURE 2 . PRINCIPAL TEMPERATURE -ERROR TERMS 
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FIGURE 3. RTG EFFECT AT LATERAL ARRAY 
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A NOTE ON DEPOSITION OF IMPACT KINETIC ENERGY 
INTO THE SOIL AND PENETRATOR NOSE 


By Thomas N. Canning 

When a penetrator decelerates as it passes through the soil, ^post 
of the kinetic energy dissipated is deposited in a thin film of soil adjacent 
to the penetrator and in the skin of the penetrator. The latter part is 
deposited near the nose, where the pressure is high and shear stress is 
near its maximum. An unknown fraction of the energy (probably small) is 
dissipated in shear, phase changes, and particle comminution somewhat remote 
from the interface. If we ignore this last component, it is reasonable to 
treat the energy left in the soil as a pulsed line-source of energy in an 
infinite uniform conductive medium. The ensuing temperature variation 
depends on only thermal conductivity and the amount of energy released. 

Reference (1) shows that 

' 4itK t 


T is temperature, °K 
Q is energy deposited, cal /cm 
K is thermal conductivity cal /sec °C cm 
and t is time in seconds after impact. 


TEST CONDITIONS 


In a full-scale test a 28 kg steel penetrator was aircraft-launched at 
133 meters per second into a deep loess target near McCook, NE. The projectile 
penetrated about 26 feet into the soil , and the deduced deceleration at the 
15-foot level was 100 g‘s (approx.) After an hour's work, a thermistor array was 


inserted to the 
hours . 


15-foot level and a temperature history recorded for about 3 


The process of inserting the thermistors introduced a delay (and time- 
distributed) small increment of energy; this yielded a distortion from the 
proper behavior plus a bias towards a high value of energy deposited. 

During recovery of this penetrator, excavation was suspended at the 
15-foot level to permit in-situ measurements of thermal conductivity to be 
made using conventional laboratory techniques adapted to the l^'ield. Thermal 
conductivity was found to.be independent of position relative to the borehole; 
the mean value of 3 x 10"3 cal /sec “C cm was used in analysis of these data. 
The time-temperature history is shown in Figure 4. The deduced heating of the 
soil was found to be about 75 cal /cm. The decelerating force of 2800 kg 
corresponds to a total dissipation of 115 cal/cm. 


(1) Cars Taw and Yeager; Heat Conduction in Solids, 1959. 
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Introduction 


On December 14, 1975, a 0.58 scale model Mars Penetrator was shot into 
a prepared target at Sandia Laboratories in Alibuquerque. The primary objecti 
of the test was to measure the thermal response of the target material to 
penetrator emplacement. Temperature data was obtained at four locations in 
the target. This memorandum briefly descv4bes instrumentation, target 
construction, test procedures, and test results. 

Instrumentation 

Thermistors were used to measure the thennal response of the 
target. In order to achieve the greatest possible resolution, the 
temperature difference between two thermistors, one located near the 
penetrator and a reference thermistor located far away (approximately 60 cm.) 
was measured. It was assumed that the reference thermistor remained at a 
constant temperature throughout the test. Six thermistor pairs were 
installed in the target, three pairs each at two depths. The output of 
the thermistors was hardwired through a signal conditioner to a tape 
recorder. 

Target .Gonstruction 

A pit approximately 2 meters deep and 2 meters on a side was 
excavated. A layer of soil about 8 cm. thick was returned to the pit and 
tamped. Three thermistor pairs were installed by carving a small trench for 
the thermistor pair and hand packing the soil around the thermistors. After 
the first three thermistor pairs were installed, approximately 20 cm. of 
soil was returned to the pit and tamped, and the remaining thermistor pairs 
were installed. The remainder of the soil was returned to the pit in 
layers and tamped. The soil used in the target was a silty sand. The 
gradation analysis is shown in Table I. 

Test Hardware 

The penetrator was a 0.58 scale model of the forebody of the proposed 
Mars Penetrator. A sketch of the penetrator is shown in Figure 1. The 
penetrator was made of D6A-G alloy which is quite hard (42 on the Rockwell 
G scale). Four strips of temperature sensitive paint were put on the back- 
side of the thin aluminum disc which was mounted flush with the penetrator 
415°K d 47l'“K^ paint changed colors at temperatures of 332°K, 380°K, 

Test Procedure 

The penetrator was shot into the target with Sandia's Mobile Gas 
Gun. Prior to the test the gun was carefully positioned over the desired 
impact point. The inside of the barrel and the penetrator were cleaned with 
trichloroethylene and alcohol. The penetrator was loaded into the gun, 
the barrel was elevated, and the gun was fired. The penetrator came to 
rest after travelling 1.97 meters into the target. 

Test Results 

Temperature rises were recorded by four of the six thermistor pairs. 

The temperature rises are shown as a function of time in Figures 2 and 3. 
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The locations of the active thermistors, as measured during recovery, are 
shown in Table II. There was an apparent DC shift in the output of thermistor 
A-3. The open triangles in Figure 3 represent the uncorrected data; the 
closed triangles represent the same data corrected for the apparent DC 
shift. The validity of the data is reinforced by the fact that all ther- 
mistors indicate the same temperature rise after 6000 seconds. The greater 
temperature rise experienced by the lower thermistors (A level) is probably 
due, in part, to the fact that these thermistors were nearer the nose of the 
penetrator. Visual inspection of the penetrator nose by Sandia metallurgists 
resulted in the opinion that the nose may have reached a temperature of 800° K, 
and perhaps 1000°K. The temperature sensitive paint on the backside of the 
aluminum disc indicated the surface temperature of the penetrator was 
greater than 333° K, but less than 380° K at a point midway between the nose 
and tail . 



l''.t,gure 1 . 0.58 Seale Model Mars Penetrator 
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TABLE I 


Gradation Analys.l_s 

Sereen Size Cinnulatlve % Passing 


No. 4 100 

. No . 10 98.3 

No. 40 95.1 

NO. 80 61.1 

No. 200 24.7 


(Wash Test) 


Thermistor 

TABLE II 

Thermistor Location 
Radial Distanee 

Distance Behind 
Penetrator Nose 


from Penetrator ( cm. ) 

1-1 

6.19 

41.58 

B-2 

4.70 

42.54 

1-3 

2.18 

42.69 

A-1 

6.11 

21.74 

A-2 

4.33 

21.74 

A-3 

2.46 

21.74 
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Introduction 


During the week of April 12, four full scale Mars Penetrators were dropped 
into lava near Amboy Crater, California. The purpose of the test was to 
evaluate the survivability of the penetrators in this hard target and to 
collect rock samples for contamination study, the penetrators were air- 
dropped from a U6-A “Beaver" airplane. The release and impact conditions a 
are shown in the attached Table I. 

Penetration Results 


The primary target was a plateau approximately 122 meter wide and 244 meter 
long. The underlying lava was covered by .3 to .4 meters of sand and clay 
containing pebbles, cobbles, and boulders. The first penetrator impacted at 
about 213 mps in an area with .3 meter of cover of the lava. The onboard 
telemetry failed after about 1.5 milliseconds. Integration of the partial 
record revealed that the depth at which the telemetry failed was about .3 
meter. Using Young's penetration equation for layered materials, and match- 
ing the residual velocity of the penetrator obtained from the first integra- 
tion of the partial acceleration record, the penetrability of the overburden 
was calculated to be S == 1.1. Also using Young's equation and the measured 
distance of penetration, the penetrability of the lava was calculated as 
S - 0.70. 

The second penetrator impacted at approximately 152 mps and implanted in a 
depression just south of the target plateau. The second impact point had 
about .5 meter of overburden over the lava. The penetrability calculated for 
this impact point agrees very well with the penetrability calculated at impact 
point number one (S = 1.1 for overburden and S = 0.70 for lava.) 

The third drop impacted at 152 mps on the target plateau. The Impact point 
had .4 meter of overburden covering about .15 meter of fractured basalt follow- 
ed by .3 meter of massive unfractured basalt. The penetrability of the lava 
was S = Q.,65. 

The fourth penetrator was dropped in an area composed completely of material 
similar to the previously described overburden. The separation between the 
afterbody and the forebody was about .6 meter. The umbilical remained intact. 
The penetrability of this target area was calculated to be S = 1.6. 

All penetrators had "off the shelf" telemetry packages which were not designed 
to survive hard rock penetration. Consequently, the telemetry packages on the 
first three units failed upon impacting the lava. The fourth telemetry unit 
stopped transmitting before impact. 

Sample Conection 

The penetrators were excavated by using hand tools , jackhammer and baekhoe to 
break up and remove the overburden and basalt. Basalt samples were collected 
by NASA personnel. Three types of samples were colleGted from around each 
penetrator: loose powdered basalt from a zone about 1 mm thick next to the 
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penetrator» loose chips and small pieces of basalt which showed signs of 
deformation, and powdered basalt which adhered to the penetrators. The 
samples were taken to NASA Ames for subsequent study. 
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TABLE I 

AMBOY BASALT TARGET TEST RESULTS 


Unit 

Number 

Release 
Altitude 
(!m(ft), AGL) 

Release 

Speed 

(KTAS) 

T 

2590(8500} 

80 

2 

1980(6500) 

80 

3 

1980(6500) 

80 

4 

1980(6500) 

80 


Impaet 

Rest 

Depth 

Vel oeity 

Angle 

to Nose 

(mps(fps) 

(Beg) 

MftlL 

213(700} 

7 

1.2(4) 

152(500) 

14 

1.1(3. 5) 

152(500) 

14-1/2 

.9(3) 

152(500) 

17 

1 .8(6)* 




*Measured to nose of forebody, .6 meter of separation between afterbody and forebody. 
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Foreword 


In August 1975, J.A, Weatphal was asked by NASA Headquarters to 
organize an Ad Hoc group to look carefully at the surface penetrator 
concept and express its opinion as to feasibility and desirability of 
such missions, especially to Mars. 

A group was recruited who were unlikely to be principal investi- 
gators on such a mission, and yet had expertise and experience with the 
potential scientific experiments, An attempt was made to find people 
with broad, innovative views. A committee consisting of: 

Douglas Currie, University of Maryland - Physics 
don Fruchter, Battelle Northwest - Geochemistry 
James Head, Brown University - Geology 

Charles Helsley, University of Hawaii ^ Geophysics/Geology 
Clive Lister, University of Washington - Geophysics 
John Niehoff, Science Applications, Inc. - Engineering 
James Tillman, University of Washington - Meteorology 
James Westphal, California Institute of Technology - Chairman 

met first at Ames in January 1976 to familiarize themselves with the 

details of the penetrator concept as it was then defined. Subsequent 

meetings were held in Albuquerque and Pasadena dealing principally with 

the science capabilities of penetrators. The committee and its individual 

members met and talked with most of the people known to have a direct 

interest in penetrators. Tom Canning from Ames acted as general NASA 

liason. The coraraittee also had input from Steve Dwornik, Paul Tarver 

and Dan Herman from Headquarters , 
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^econroendatlojis 


We firmly believe tb.at penetrators represent a valuable and neces- 
sary platform for the conduct of certain essential in situ experiments 
in the exploration of a majority of solid solar system bodies. Therefore 

1. We recommend that, for both science and engineering reasons, 
the first penetrator mission undertaken be to Mars, and that 
this be done during the 1981 launch opportunity; 

2. We understand that the scope of a 1981 Mars Penetrator mission 
may necessarily be dictated by a highly constrained NASA 
budget. We therefore recommend that a minimum viable mission 
must consist of at least 4 penetrators, and that each of these 
penetrators must carry a seismometer, an afterbody imager, 
and ai least one of the following additional experiments ; 

a) chemical composition 

b) total water measurement 

c) heat flow 

d) afterbody meteorology. 

in our opinion, with reasonable effort.it will be possible to fly 
all of these experiments plus a few others . 
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Introduction 


The full potential of solar system exploration will only be 
realized with the application of a variety of spacecraft concepts and 
mission inodes, As our base of loiowledge expands from the returns of 
flybys and orbiters, the quest for in situ surface measurements can be 

expected, and indeed has already begun on several bodies, i.e, the 
Moon and Mars. To date these investigations have been undertaken by 
the comparatively large, complex and expensive soft-landers. Surveyor 
and Viking. While soft-landers play an important role in surface 
exploration, they cannot realistically be sent to a large number of 
the solid bodies in the solar system. Other simpler, less expensive 
spacecraft will be needed, 

One such device that has been successfully applied to a wide 
range of terrestrial problems is the penetrator - a missile-shaped object 
which impacts the surface at high speed and dissipates its kinetic energy 
by penetrating to depths of 1-15 meters with its science package and 
as.:ociated power and electronics. An impact-hardened afterbody remains 
at the surface \ri,th a transmitter to relay collected data to an orbiting 
spacecraft. It is connected to the penetrating forebody by an umbilical 
cable which is deployed during the process of penetration', light-weight 
science sensors may be carried on the afterbody in addition to the main 
forebody payload. Nominal physical characteristics of a Mars penetrator 
are summarized in Table 1. 
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Table 1 


NOMINAL KARS PENETRATOR CHARACTERISTICS 


Complete Penetrator 


Weight 

Principal diameter 
Frontal area 
Sectional density 
Length 


31 kg 
9 cm 

64 cm^ „ 
0.5 kg/em 
140 cm 


Payload* 


Weight 

Volume 

Power Output (RTG) 
Battery Supplement 
Data Storage 


7 kg . 

4500 cm 
0.3 watts 
1.0 watt hrs/day 
2 X 10^ bits 


Forebody Probe 


Weight 

Principal diameter 
Frontal area 
Sectional density 
Length 


28 kg 

9 cm 2 

64 cm 2 
0.5 kg/cm 
123 cm 


Detachable Afterbody 


Weight 

Principal diameter 
Frontal area 
Sectional dersity 
Length 


3 kg 
23 cm 2 
350 cm 2 
0.01 kg/ cm 


28 cm 


* Includes science and supporting electronics. 
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The purpose of this report Is to summarize the findings of the 
Ad Hoe Surface Penetratot Science Goraraittee regarding the merit of pro- 
pocicd penetrator science experiments and their potential value to sur- 
face exploration of solid bodies in the solar system. Our efforts have 
been focused on assessing two of the important questions which bear 
directly on the present stage of terrestrial body exploration. These 
are: 

1) Are penetrators a superior means of ansv/ering really 
important basic seientific questions? 

2) Are there enough feasible experiments to make a mission 
really attractive? 

We have concluded that the answer to both questions is an enthusiastic 
YES . ■ 

Internal global structure, surface and near-surface chemical compo- 
sition, and planetary heat flow are among the most basic and essential 
facts one needs to begin to understand the nature, history and evolution 
of a solid planet. Experiments capable of acquiring this information 
are well suited to penetrators. Furthermore, the ability to emplace 
instruments in widely separate regions of a planet on one relatively low 
cost mission makes the penetrator a prime tool for future planetrry 
reconnaissance. Thus one mission will yield several samples of ' 
surface morphology, heat flow and chemical composition, and allow high 
quality seismic measurements of the internal structure. The second 
question, regarding sufficient feasible experiments, is addressed 
in the next sections of this report. The committee has classified 
the experiments which have been proposed for penetrator 
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missions into four levels of priority. Our evaluation of expariments 
in the first two levels is then presented in detail. The report con- 
cludes by summarizing our assessment of the penetrator concept and its 
capabilities for planetary exploration. 

The Committee feels that penetrators are a logical follow-on 
mission to Viking. For this reason, the discussions which follow are 
presented in the context of a Mars mission. Nevertheless , we wish- to 
em^asize that penetrators are _applieabie to the exploratien of many of 
the other soli d bodies in the So lar S3rstem, 
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Science Priorities 


A large number of experiments have been discussed for penetrator 
missions. A compilation of the experiments specifically proposed to the 
Committee is presented, in ‘fable 2. 


We feel strongly that, with limited mission capability, it is 
essential at this early stage to develop experiment priorities so that 
the scientifically most important questions are addressed, and that a 
rational mix of ejcperiments are flown. This also implies priorities 
for development and a pre-existing strategy for experiment selection. 

Scientific priorities are to some extent subjective. However, we 
feel that rational judgements can be made more easily if they are made 
early and by competent scientists not likely to have vested interests 
in the result. We have attempted to set such priorities within our 
limited expertise. To this end we first developed the following experi- 
ment class definitions; 
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Class 1; Essential, 

Class 2 5 To be included, if feasible. 

Class 3: Highly desirable, if feasible and provided there 

is no major negative impact on Class 1 and feasible 
Class 2 experiments. 


Class 4: Secondary, use as accommodation permits, if feasible 

and provided there is no significant negative impact 
on Class 1, 2 and 3 experiments. 


Using these classes as a guide, each of the experiments presented in 
Table 2 were discussed by the Committee in the context of an early Mars 


mission and a eensensus was reached for their classification. The 


resulting priority of the proposed experiment is as' follows;. 


Class 1: Seismic Measurement 

Imagery 

Class 2: Chemical Composition 

Heat Flow 


Total Water Measurement 

Meteorology CTemperature, Pressure, Wind) 


Glass 3: Frost and Dust Detection 

Organic Geochemistry (Re-evaluate after Viking GCMS 

results are available) 

Class 4; Ion Geochemistry 
Magnetometry 
Nutrient-Induced Biology 
Atmospheric Relative Humidity 
Soil Electrical Conductivity 

It became apparent to the Committee, in the process of these classifi- 
cations that a minimum Mars penetrator mission must consist of the 
Class 1 experiments and at least one Class 2 experiment. Detailed dis- 
cussions of what Glass 1 and 2 experiments should accomplish are 
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presented In the sections whtcfi follow. We feel that all Class 1 and 

most Glass 2 and 3 experiments can in fact be flown ;if a real effort is 
made promptly. 
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TalDle 2 


POTENTIAL PENETBAT0R SCIENCE 


CLASS 


MEASUREMENT 


INSTRUMENTS 


INTERIORS 


SUBSURFACE 


SURFACE 


SEISMICITY 
HEAT FLOW 
MAGNETICS 

ELEMENTAL COMPOSITION 
CHEMICAL COMPOSITION 


MINERALOGY 
SOIL PROPERTIES 
BIOLOGY 

SITE CERTIFICATION 
GEOLOGIC SURVEY 
METEOROLOGY 


SEISMOMETERS, TILTMETERS 

THERMOCOUPLES 

3-AXIS FLUX GATE 

Of-PARTICLE Cq?,P, X-RAY), Y-RAY SPECTROMETER 
NEUTRON FLUX ANALYZER, Y-RAY SPECTROMETER 
WATER HYGROMETERS 
PYROLITIG CffiaiBER, ION CHAMBER 

ck-PARTICLE/y-RAY SPECTROMETER 
ACCELEROMETER, Y-^RAY SPECTROMETER 
ION CHAMBER 

IMAGER 

IMAGER 

ANEMOMETER, PRESSURE GAUGE, 

THERMOMETER, IMAGER 
IMAGER 

IMAGER, METEOROLOGY INSTRUMENTS 


AEOLIAN PROCESSES 
VOLATILE TRANSPORT 


Mars Penetrator Selsmie Experxjnent 


General Background 

Many remote sensing experiments have been used, or have been pro- 
posed to be used, for the exploration of solid bodies within the solar 
system. Many of these deal with the chemistry and morphology of the 
surface or near surface layers . Seismic experiments permit one to 
exteiid this knowledge into the subsurface and provide general constraints 
on the mechanical, thermal and chemical zonation within the interior of 
the planet. Detailed knowledge of internal planetary structure is cru- 
cial to our understanding of the chemical and thermal evolution of the 
solar system. 

On the earth, seismic observations made during the last century, 
and primarily during the last thirty years, have enabled us to develop 
a detailed understanding of the chemical zonations within this planet 
and their evolution with time. Within the past decade we have acquired 
a similar, though much less extensive, data set for the Moon, one that has 
enabled us to constrain chemical evolution models for a second planetary 
body. Por these reasons, a seismic experiment was included on the 
Viking missions. tJnfortunately the Viking T seismic system is not working, 
and even if a similar malfunction does, not occur on the -second Yiklng mlsr* 

sion this will leave us with almost no knowledge of the structure of the Interior 
of the planet - knowledge that is critical for our understanding of 
planetary evolution. Thus, it appears to be imperative to incorporate 
a seismic system within proposed future ^lissions . The penetrator concept 
appears to be a unique means of emplacing seismic systems oh Mars, or on 
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any other soltd planetary body. 


Scientific goals 

In order to understand the interior zonatton of a planet, via 
seismic methods, at least one broadband three component Instrument is 
necessary. Under ideal conditions for a spherically symmetric planet, 
one system and a very large seismic event Is all that is necessary. 
However, on Mars an ideal spherical symmetry does not exist. Thus it 
will be necessary to emplace three or more instruments in order to 
simultaneously determine the time of origin of an event, its location, 
and the velocity structure between the source of the event and the 
detector. With such an array, one can achieve the following scientific 
objectives : 

1) The determination of a velocity vs, depth function, 

2) The distribution of seismic sources. 

3) Identification of phase change and/or chemical boundaries 
within the planet (by means of abrupt velocity changes) . 

4) Identification of a liquid planetary core, if present. 

5) Identification of zones with high Cot low) Q, 

6) Determination of a thermal profile for the interior of 
the planet, 

7) Identification of asymmetries within internal planetary 
structure. 

8) Identification of tectonically active zones both near 
surface and at depth. 

All of these scientific goals can be acquired with instrumentation 
that is currently developed and is suitable for use an a penetrator mis- 
sion . 
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Ins trumentation 


In order to aecomplis-h the objectives stated above, it will be 
necessary to implant three three-component instruments on the surface 
of Mars, Each of these instruments should be capable of detecting sig- 
nals from seismic events in the bandpass 0.01 to 10 Hz. Sensors are 
available that are capable of recording over this bandpass and that 
are sufficiently small that they can be accommodated v^ithin the space 
available for scientific packages within the penetrator. 

Three types of sensors are currently under investigation, and all 
appear promising. The bubble seismometers appear to be ideal for the 
detection of horizontal seismic signals. A miniaturized version of a 
conventional seismometer, or a force-balance accelerometer appear to be 
most suitable for the detection of vertical motions. All three of 
these sensors a.-e commercially available, and thus should not require 
extensive development efforts. The electronics for each, however, would 
have to be miniaturized. 

Mecessary Engineering Development 

The primary need for future investigations is to design a minia- 
turized leveling system that would allow the establishment of local 
vertical after the penetrator has been emplaced, and to devise practi- 
cal means of data compression so that the maximum information content 
can be returned to the earth without undue data requirements. This 
Siiould not be overly difficult, since much of this development has 
already been undertaken for the Viking mission. 
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Mars Penetrator Afterbody Imaging Experiment 

Information on the surface characteristics and process of a planet 
is basic to the understanding of planetary evolution and to th.e inter- 
pretation of data obtained from other experiments. The recent successful 
Viking I surface imaging experiment illustrates these points well. The 
initial imagery returned by Viking I shows a vrealth of features indicating 
the variety of processes operating or previously operative at the site 
Cirapact cratering, aeolian activity, voleanism, and possible tectonism 
and fluvial activity) . Longer-term observations will isolate and docu- 
ment rates of change and detailed surface modifications Caeolian activity 
and diurnal variation of precipitates, for instance). Viking I also 
Illustrates the significance of imagery in supporting and interpreting 
other experiments Cchoice of sampling site, physical properties of sur- 
face material, monitoring of oth.er equipment such as sampling arm, pro- 
viding a framework for interpretation of geochemical analyses, etc.). 

Examples of Scientific Objectives 
of an Imaging Experiment 

Near Field Observations 

Rock Characteristics . Analysis of the size distribution, surface 
characteristics (rounding, vesicularity , etc.)-, internal features (pheno- 
crysts, clasts), and albedo, of surface rocks will provide important 
information on the geologic processes operating at the various sites. 

Soil Characteristics. The observed characteristics must be related 
to the site context as ascertained in far field observations and orbiter 
imaging. Particle sorting, ripples, dunes, layering and ejecta character- 
istics would be studied. Sites on voli_;:nos at sufficiently high altitude 
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may yield bedrock surfaces to study primary lava flow morptiology and 
rock type. In arroyo sites the degree of rounding will be of interest 
in terms of studying flow regimes. 

Cratering . In any areas where the bedrock is exposed^ small 
craters may have been preserved, in which case their areal density and 
state of preservation would be of interest in connection with cratering 
rates, secondary cratering, erosional and filling processes, 

Aeolian Processes . During a long mission some movement of the 
soil may occur as a result of winds , Repeated imaging should provide 
observations of how the dust is deposited and removed near small scale 
positive and negative topographic features. This would be relevant to 
the problem of Martian albedo feature generation and to local and global 
rates of sediment production and movement. 

Condensation Processes . This analysis would be particularly signi- 
ficant where several sites could be observed. In winter and in the early 
morning hours surface condensation of water and CO^ ices may be observed 
at some sites. The determination of the temporal history of ices (which 
would involve several images) would be of considerable interest since 
there are many poorly understood problems involving water processes and 
polar cap phenomena (e.g. does wind drifting of CO2 ice play an impor- 
tant role in determining the rate of retreat of the caps) . 


Far Field Observations 


Site Characterisations . In addition to characterization of the 
site for support of other experiments, penetrators could be targeted to 
many diverse regions on Mars where relatively detailed observations 
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of land forms would have significant value. Speeific land forms of 
particular interest are dunes, rock formations, layered deposits, arroyo 
beds, landslides, cliffs Cand associated stratigraphy), volcanic forms 
and polar cap features. In this way, surface observations could pro^- 
vide verification of the detailed characteristics of major geologic 
units defined from orbit , This information is a necessary prerequisite 
to the successful understanding of these fundamental units and to their 
planet**wide extrapolation, 

Piist Storms . Although the Viking Lander cameras may provide the 
first surface l^sages of dust storms^it is likely tViat penetrator cameras, 
operated when orbital imaging indicates the presence of dust clouds, 
could contribute usefully to the study of this phenomenon. The combina- 
tion of orbital imaging and Ik data together with the surface images could 
be a powerful means of understanding how dust storms begin, propagate and 
decay , 

Condensate Clouds . The manner in which seasonal water ice clouds 
form in the tropical areas, typically in the vicinity of volcanos and 
canyons, will not be well studied by either Viking or, probably, by a 
Mars Polar Orb.’ter. Imaging at different times of day, principally in 
the Tnorning, on successive days at sites where clouds occur could help 
understand this phenomenon, particularly if a‘ meteorology package is 
included in the payload. The pictures could determine whether the 
clouds form at high or low altitude and whether surface condensation 
plays any role, 

AtmpsphericNPreperti.es . Quantitative analysis of sky brightness 
and characteristics of the sky would be extremely important information 
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for analysis of Martian atmospheric properties an<J their variation due 
to dust and other factors. 


Examples of the Supporting Role of an 
Imaging Experiment 

Star Ohservations . A penetrator imaging system could he used to 
determine the position and orientation of the probe. This would have 
partieular value for the seismic experiment. The area array cameras 
can he used for long exposures, particularly at night when temperatures 
are low, and therefore should he able to detect bright stars. It is 
estimated that an exposure of only about 100 seconds would be needed. 
Macroscopic^ Examination of Roeh Types , This would provide an 
important frameworh for interpretation of geochemical results in terms 
of characterization of indigenous rocTc types and textures , Simxlarly , 
analysis of the vesicularity of rock types would provide important inforT- 
mation for heat flow calculations . 

Characterization', of' Substrate, Determination of local topography 
will be important for the interpretation of meteorology data. Analysis 
g£ the presence of bedrock exposures , evidence for depth to bedrock^ and 
grain size analysis of particulate matter will be significant in estab-' 

lishing a framework for the heat flow and geochemical analyses. Imagery, 
in conjunction with the aceelerometer record, will help determine whether 
the geochemical analysis is in local bedrock or in a winnowed or transported 
aeolian deposit. Such a framework will provide confidence in the ability 
to extrapolate local results to plane fc*wide units. This type of character- 
ization will also be important in the seismic investigation. 
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Summary 


The use of a camera on the penetrator afterbody would provide 
some very interesting direct scientific results,, as well as provide very 
strong support for a number of other experiments. It would appear that 
this system is technically feasible, and the current developmental status 
of such a camera is within a 1981 launch schedule requirement. 
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Mars Penetrator Water Detection. Experiiuent 


Because of Its essentiality to life , the presence or ahaence of 
vcater on planetary Bodies is a question of very high priority. If water 
is present at the surface or in the regolith, it will nearly always be 
present in detectable quantities in the atmosphere. The detection of 
\7ater in a planetary atmosphere therefore answers the question of first 
priority. However, the levels of water vapor present in the atmosphere 
are not at all a reliable measure of the quantities of surface and sub- 
surface water, nor are the levels of atmospheric water of much signifi- 
cance in biological considerations beyond establishing its presence, as 
living organisms require a liquid phase which occurs most commonly on 
or in the surf iGial layer , Hence the measurement of soil xrater in its 
various forms at representative locations , and under a representative 
variety of climatological conditions, is an objective of the highest 
priority in a planetary lander mission. 

One potential experiment actually measures hydrogen content rather 
than water directly. It uses the fact that hydrogen atoms are very 
effective at moderating fast neutrons, such as those emitted by the E.TG. 
Other atoms also moderate neuti-ons , although they are much less effective 
than hydrogen. If a geochemistry experiment is on board (a-^particle or 
x>-ray) , then the composition of the target will be fcno^TO so that the 
effects of other atoms can be calculated and subtracted. Because it 
would be sensitive to other forms of hydrogen Corganic, etc.) besides 
water or ice, the experiment's interpretation would be a little ambiguous. 
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However, hydrogen in any form is of considerable tntereat, and the 
neutron experiment is likely to be leas ambiguous than other w^ater 
detectors which have been proposed. It has the advantages that it 
samples a relatively large volume around the penetrator, that it does 
not require any special sampling apparatus, and that it is sensitive to 
water in solid or liquid as well as gaseous form. The experiment has 
an estimated measurement sensitivity of about 0,05^ H by weight which 
corresponds to about 0,5^ water by weight. About 1% is typical of the 
amount of water contained in terrestrial basaltic rocks. Since it is 
quite likely that rocks and soils on the surface of Mars and other 
planets may be somewhat lower in water content than terrestrial rocks, 
it would be nice to have better sensitivity than this, 

No development work has yet been done on a neutron'^hydrogen 
detector for use in a planetary penetrator. However, all of the required 
components are shelf items. Neutron-hydrogen detectors are in common 
use for terrestrial well logging operations. Thus, there would seem to 
be no conceptual problems. Future work would involve designing an 
instrument which is compatible with the spacecraft requirements, building 
a preliminary instrument, shock testing it, calibrating it and testing 
it under field conditions. Some consideration should also be given to 
possible interference from hydrogen- containing plastic parts in the 
penetrator. 

Another potential water experiment proposes the procurement of a 
sample of the regolith by a mechanical drilling technique, sealing this 
sample of known volume in a crucible ar.;a then detecting the water 
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driven off the sample by pyrolysis. This technique utilizes c^ 
electronic detector which electrolyzes the water driven off the sample. 
By doing the pyrolysis in steps, Both the free water and the bound 
;?ater released as a function of temperature can be recorded, Although 
somewhat more complex than the neutron method, the pyrolysis e^erlment 
yields much more valuable data for both biological and mineralogical 
interpretation. The development of the detector and of the sampler 
concept has already received considerable effort. 
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Ma.rs Penetrator Chemical Composition Experiments 


Knowledge of the ehemieal eomposition of a planet is fundamental 
to our understanding of the nature of that planet, including the pro- 
cesses which formed it and subsequently modified It, Two types of 
measurements are important. The first is determination of the chemical 
composition of Important components such as rocks, soils and atmospheres 
into which the planet has differentiated. Unless the planet is com- 
pletely chemically homogeneous, the composition of the planet as a 
whole cannot be measured directly. Instead, it must be deduced by. 
applying geochemical principles to measurements of the various differ- 
entiated components, such as rocks. Geophysical measurements such as 
seismic velocity profiles are also important in ascertaining the chemi- 
cal composition and phase relationships of the planetary interior. 

Direct chemical measurements can be made only of the accessible exterior 
of the planet. In the case of soft-landers and orbiters, only the top 
few millimeters or centimeters are accessible to measurement, Pene- 
trators are capable of extending this depth to about ten meters, a 
depth at which better and more representative samples may be available. 
The penetrator will also be capable of sampling a large number of 
locat:Lons, which is important in chemically characterizing a planet. 

Two potential experiments, the alpha backscatter and gamma ray detector, 
have been proposed. Both of these detectors have had successful appli- 
cation on the Moon, 

An alpha backscatter experiment modified to include proton and 

x-ray modes has the potential for measur5.ng the largest number of 

chemical elements mth at least adequate precision. Adequate precision 
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ts here defined as ±3%^ relative for major elements 0*l%i end +10% rela- 
tive for minor and trace elements C<1%). Of course, better precisions 
than these are highly desirable and it appears the a- experiment is 
capable of delivering better precision for at least many of the major 
elements. For most of the trace elements the situation is not as 
clear, since the published sensitivities are in many cases quite close 
to the levels expected in Martian rocks. Of course, the limitations 
might be different for other planets. The two tables (3 and 4) on elemen 
tal precision and elemental sensitivities were taken from a paper by 
Turkevich, Economou and Franzgrotc. 

The a-proton-x-ray experiment is particularly well suited to the 
detection of the lighter elements Cbelow Mg in the periodic table) which 
would be very important if Mars or other planets of interest turned out 
to be volatile rich, This feature will be important on Mars even after 
Viking, because the instrumentation on Viking will not be capable of 
making good measurements on atoms lighter than Mg. The concentrations 
of light elements have significant biological implications as well as 
importance for the geochemical nature and history of a planet, 

The major limitation on the ql backscatter experiment is the very 
shallow C~ 3- f&w microns) sampling depth caused by the fact that Of 
particles are densely ionizing. The x-ray modification of the experi- 
ment still has the same difficulty, because the x-rays are excited hy a 
particles. Tests showed that serious contamination of both loess and 
basalt targets by the penetrator extended out to a distance of almost 
2 millimeters from the surface of the penetrator, and that some altera- 
tion extended out to a centimeter from the penetrator surface. Thus, 
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Table 3 


Expected Accuracies (at 90% confidence limit) in Weight Percent for 
Principal Chemical Elements ("Mini-Alpha") 


Element 

a + p + 

X ray Modes 

C 

± 

0.2 

0 

± 

0.7 

Na 

+ 

0.2 

Mg 

± 

0.8 

A1 

± 

0.4 

Si 

+ 

1.2 

K 

± 

0.2 

Ca 


0.2 

• Ti 

+ 

0.08 

Fe 

± 

0.2 
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Table 4 


Examples of Expected Sensitivities 
("Mini-Alpha" Instrument) 


(In Weight %) for 

Minor Elements 

(Evaluated for a 

Basalt Matrix) 

a + p + X ray 
(alpha and auxiliary 

Element 

sources 

H 

0.03* 

N 

0.2 

1? 

0.05 

P 

0.2 

S 

0.1 

Cl 

0.1 

K** 

0.07 

V 

0.03 

Gr 

0.02 

Mn 

0,03 

Ni 

0.02 

Cu 

0.02 

Zn 

0.02 

Rb 

0.001 

Sr 

0.001 

• Y 

0.0005 

Zr 

0.0005 

Ba 

0.001 

La 

O.QOl 

Ge 

0,0008 

Nd 

O.OOOS 

Sm 

0.0005 

Pb 

0.005 

Th 

0.005 

U 

0.005 


* Using thermal neutron detection techniques. 

** Sensitivity for K expected in the presence of a few weight % of Ca 
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in the present configuration of the penetrator, an a apectronjeter would 
view seriously contaminated luaterial. As discussed below in the section 
on future work., this problem must be solved in order to make the a 
experiment a viable alternative. In addition to the contamination 
problem, the shallow sampling depth means that only a very small volume 
is sampled, raising serious questions about how representative a sample 
is obtained. 

At present the status of the hardware for the a experiment is pro- 
gressing satisfactorily. The basic concept has already been success- 
fully employed on the lunar Surveyor missions. In addition, critical 
components of the system have been shock tested and seem capable of with- 
standing at least 1,800 G*s. The miniaturization required for adaptation 
of the instrument to penetrators has not yet been demonstrated in an 
actual instrument, but there seem to be no conceptual difficulties. One 
problem is that the present x-ray detectors must be cooled by a Joule- 
Thompson Cryostat, which does not seem compatible with a penetrator. 
Another problem seems to be procurement of suitable n-particle sources. 
Those individuals who fabricated the or-particle sources for the Surveyor 
instruments are apparently no longer in business. 

future Work 

The major work that remains to be done for the or-proton^x-ray 
experiment is to overcome the problem of contamination of the target. 
There seem to he three basic possibilities. One is to design a diverter 
which causes the contaminated material to flow away from the n-experiment 
samp .ling port. A second is to design some device to sample outside the 
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the contaminated zone. A final alternative, which is less desirable 
than th-e previous two, is to fabricate the penetrator out of some 
material which is expected to be uninteresting in the target, so that 
the contamination will not matter as much. Work should begin on at least 
the first two alternatives immediately, since this problem is critical 
to the experiment as a whole. Additional future work involves construc- 
tion of an actual miniaturized system and shock tests of the integrated 
components. Finally, alternatives to cooled intrinsic germanium for 
the x-ray detector should be investigated because a cryostat does not 
seem compatible with many of the other experiments proposed for the 

penetrators . 
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Although, it c3nnot msasux& as many oloTnsnts as tha alpha— proton 
expariment, a gamma ray detector has the advantage of sampling a much 
larger volume of the target, since the gamma rays can pentrate up to 10 
or 20 centimeters of material. Thus it would meafsure a more representa- 
tive sample and would be less susceptible to problems of contamination 
of the target by emplacement of the penetrator. It has the further 
advantage over the alpha-proton experiment of measuring the radioactive 
elements U and Th which are geochemically very interesting and are 
important to the thermal history of a planet. A major potential dis- 
advantage is that the detector will require shielding from gamma rays 
238 

emitted from the Pu in the RTG. Hovzever, with careful design, it 
may be possible to pro\-ide the necessary shielding with little or no 
weight penalty. 

As currently envisioned, the gamma-ray experiment employs a Nal(Tl) 
scintillation detector. These detectors have relatively poor resolution, 
but do not require cooling to cryostatic temperatures. They have been 
used for terrestrial application for many years and were successfully 
flown in orbit during the Apollo missions. Phototubes, which are likely 
to be the most fragile part of a scintillation system have survived 
3500 G tests. Cd-Te detectors, which are a new class of detector, offer 
the hope of improved resolution' without the need for cooling. However, 
a detector which meets the requirements for the mission in terms of 
size and efficiency has not yet been fabricated, so that this type of 
detector would need considerably more design time. 
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The most important need for future work is to see whether the 
gamma background from the RTG can be sufficiently reduced in a penetra- 
tor configuration without using heavy shielding. In additionj an inte- 
grated scintillation system should be drop tested to see whether it sur- 
vives in working 'ondition. Attempts to acquire a suitable Gd-Te detector 
should begin. If an alpha>rproton and gamma-ray experiment are flown 
simultaneously, which is desirable since they complement each other 
scientifically, they should be designed to use as much of the electronics 
as possible in common. 
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Mars PeneCrator Heat-Flow Experiment 


General Scientific Background 

Measurement of the geothermal heat flux has been and is an important 
tool for the investigation of the materials properties and internal dynamics 
of the Earth. The global average is a constraint on the internal compo- 
sition of our planet, sspeeially when compared with the radioactive heat 
production of various samples of primitive solar system material from 
meteorites. These come in a considerable variety, and so the amount of 
diversity in composition among the inner solid planets would provide valu- 
able information on the processes at work during the accretion phase of 
the solar system. Heat flow measurement, being essentially a global 
determination of uranium, thorium and potassium content, provides com- 
plementary information to surface chemical analyses, both in being 
global and in being restricted to elements of high atomic weight not 
easily lost by evaporation. 

One of the outstanding problems in evaluating the thermal history 
of the planets is the role of the relatively short-lived isotopes that 
exist still in trace amounts, but which have long since ceased to pro- 
duce much radioactive heating. The Earth is so dynamic that any trace 
of previously different convective regimes has been wiped out, unless 
one can deduce something f > m the former existence of a single continent 
(Pangea). Mars, especially, is an example of a planet large enough to 
have significant thermal events (huge volcanos, for example), but not 
so large and dynamic chat all trace of past events is wiped out. In 
contrast to Venus, it has a visible and accessible surface of moderate 
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temperature where measurements can be made in rationally selected areas. 
If the global heat flow could be estimated, and/or significant refional 
variations found, some deductions could be made about the accretion 
temperature of the planet and the time history of volcanic effusion. 

The heat flow of Mars is therefore the most interesting of any 
other body in the solar system, for Mercury is as dead as the Moon and 
Venus too inhospitable for measurement in the forseeable future. The 
lunar heat flow was met ured in holes dug and tamped by astronauts, holes 
whose depth proved just adequate for the measuremeut in the highly regu- 
lar and predictable lunar environment. The penetrator is the only 
cheap method available to ’dig holes’ by remote control, and is poten- 
tially a most attractive way of measuring the thermal properties of all 
solid bodies, even though only those of planetary size can be expected to 
have a measurable heat flow. The engineering development of viable 
thermal measurement techniques should therefore be a fundamental part of 
the planning of penetrator missions. 


Measurement Feasibility 

Impact penetrators provide the best hope for the medium to deep 
penetration needed for a viable heat flow measurement. Geothermal 
gradxents are small, even on planetary- si zed bodies, and the principal 
diffxculty xs in separating true geothermal gradients from those due to 
daxly, annual and climatic fluctuations of surface temperature. Added 
to these basic environmental difficulties are those imposed by the nature 
of the penetrator itself, principally the frictional heat generated on 
xmpact and the steady leakage of the heat from the radioisotope thermo- 
electric generator (RTG) . 
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In general, the deeper the penetration, the better the chanee of 
obtaining a reliable heat flow measurement. If Mars has the same internal 

I 

heat production rate as the Earth, the heat flux may be expected to be 
about half as big, or about 40 mw/m (1 |ical/cm -sec). The thermal con- 
ductivity of dry aeolian- transported dust suffused by a few millibars 
of carbon dioxide is likely to lie in the range D.O0Q2 to 0.001 W/cm-°K, 
cetween twice those found for the lunar regolith and values some ten 
times higher. The lower limit is set by the conductivity of carbon dioxide 
gas, about 0.00012 W/cm-°K at the temperature of the Martian surface and 
the vague upper limit by the contact conductivity of well-settled powders 
of wide particle-size range. The expected geothermal gradient thus 
ranges between 0.4 and'2°K/m for the dry ’desert’ areas of Mars. The 
daily cycle of temperature at the Martian (equatorial) surface is about 
100°K, and the spurious gradient due to this is attenuated to 0.1°K/m at 
a depth of 30-50 cm, depending on the actual diffusivity of the soil. The 
annual cycle at a moderate latitude may be about SOlc and this is attenua- 
ated to 0.1° K/m at a depth of 5-8 ra. 

Climatic cycles of unknown length may also exist on Mars, 
since visual observations of the planet have demonstrated changes in 
the relative prominence of the 'markings' over periods of 30-40 years. 

The polar caps, of high albedo, vary in size from year to year, and 
there is well-stirred dust on the planet, of contrasting albedo to some 
of the surface. Thus there are at least two mechanisms for changing 
the overall absorption and re-radiation of the planet, both coupled to 
details of circulation in the atmosphere. It is clear that the pene— 
trators cannot go deep enough to eliminate short-term climatic fluctua- 
tions from, contributing to the measurement, and measurements cannot be 
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and the sensors of interest as the observation time is increased. It is 
probable that near-surface sensors could establish magnitude and phase 
of the annual wave well enough to correct apparent gradients observed by 
the deepest useful sensors provided that the soil was found by the entry ac- 
celerometer to be reasonably uniform in properties with depth. 

The second possible method of measuring situ temperature is the 
deployment of mini-probes laterally from the penetrator body inmediately 
after impact. The transient recovery time of small diameter probes is so 
short that measurements can be made before signifiGant heat from the pene- 
trator reaches the point of measurement. Because of the low expected con- 
ductivity of the Martian soil, the principal source of heat is that con- 
ducted along the mini-^-probe itself. Modeling studies so far have assumed 
the use of solid stainless steel probes, and suggest that very thiti (1 mm 
diameter) probes have to be extended 20 cm or so into the soil to obtain 
reliable si tu temperature raeasurements. However, the use of wound 
fiberglass material for the probes would reduce the conductivity contrast 
between probe and soil by a factor of ten, and permit satisfactory 
measurements to be made by probes no longer than the diameter of the pene- 
trator body. One advantage of the lateral probes is that they permit an 
acEurate measurement of soil diffusity using the arrival time of the pene-^ 
trator temperature wave and the measured probe extension. The transients 
are much shorter than those in the penetration hole, and temperature 
measurements are needed at least evei.-y minute to delineate the curves 
accurately, bong term observation of the penetrator body temperature is 
the only method available to measure the soil conductivity in its vicinity, 

unless significant electrical power can be dissipated in the small lateral 
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continued for long enough to observe any trends. The only way to eliminate 
climatic error from the measurements is to repeat them at suitable inter- 
vals. 

The annual temperature wave penetrates to a depth comparable to the 
best hoped for from the present size and impact velocity available from 
the mission vehicles. Long-term monitoring of the fluctuations at obser- 
vation depth is precluded, both by the mission lifetime and by the heat- 
ing effect of the RTG, heat that spreads out from the penetrator body. 

In addition to the heat generated by the pentrator, it contains a substan- 
tial component of initxal heat by arriving at a much higher temperature 
than that of the Martian soil, and deposits considerable frictional energy 
both in its oira surf ace and in the walls of the hole. There are only two 
approaches available to determine ^ situ temperatures accurately. In the 
first, sensors can be deployed along the umbilical to the tailpiece, and 
the decaying impact transient can be monitored by making approximately 
hourly measurements of temperature. Methods of extrapolating the transient 
to true equilibrium are well developed and are accurate if the temperature 
can be followed for about six "time constants'* a /k, where a is 
the effective hole radius and H is the soil ‘thermal diffusivi'ty. Mdni'toring 

should continue for 1 to 3 days, and the thermal pulse from- the penetrator body- 
does not complicate the measurement for sensors more than % m from the 
tail. The chief disadvantages of this method are that there is no reliable 
way of determining soil conductivity, and the penetration is unlikely to 
be so great that the annual temperature wave can be discounted. Monitor- 
ing of the annual changes during the life of the mission is feasible, but 

progressively greater distances must be allowed between the RTG heat source 
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function. If it is buried in solid dry ice in a polar cap, it will be ’ 
colder still. On the other hand, if buried at depth in light soil of the 
lowest expected conductivity, the temperature could rise toward 170°K 
above the soil ambient (20 W RTG) . The choice of RTG thermal power 
level may have to be based on some estimate of the soil conductivity 
expected for 'sand dune' sites since these are the prime sites for heat 
flow measurement. There is difficulty in making this estimate, since 
laboratory studies of simulated lunar regolith produced conductivity 
estimates nearly an order of magnitude lower than those found in the 
actual measurements. This thermal control problem is to a large degree 
soluble by insulating the battery and RTG from the rest of the penetrator, 
and then providing a thermally switched (mechanical switch or variable 
conductance heat pipe) heat path to the penetrator shell. By this means 
the payload temperature can be held above the minimum acceptable tempera- 
tue. The maximum allowable thermal dissipation of the RTG will be con- 
trolled by the worst combination of low thermal conductivity and high 
soil temperature. 

The chief technical problem related to the thermal measurements is 
the construction of a viable sensor-containing umbilical. The sensors 
themselves are available with adequate stability and shock resistance, 
and they are easy to measure with solid state circuitry to the G.55°K 
precision required. However, the feasibility of eonstrueting a multi- 
wire, multi-sensor umbilical that can meet the strength, flexibility and 
shock^acceleration requirements of penetrator emplacement needs to be 
demonstrated. The heat-flow experiment is probably viable without such 

an umbilical, and the materials-properties aspect of the lateral probe 
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probes immediately after the decay of their temperature transient. 

Correcting for the annual temperature wave is difficult if this 
inathod is r.sed alone, but an estimate may be possible if the penetrator 
body tsjipe.rature is monitored carefully and the soil is reasonably uni- 
form. It nay be feasible to select sites where the annual temperature 
cycle is small enough for the method to be satisfactory directly; because 
of the asymmetry in the Martian climate these preferred sites may not be 
exactly on the equator. 

All the above analysis assumes that the penetrators have entered 
dry Martian soil. The presence of even a small amount of ice in the 
soil would increase the conductivity so much that useful measurements 
could not be obtained - the conductivity of ice is 200 times that of the 
low-conductivity end of the expected dry-soil range. It is also obvious 
that maximum penetration must be aimed for, and this, too, would argue 
for a 'sand dune' site, since the penetrability of permafrost is rela- 
tively low. It may have to be accepted that useful heat flow measure- 
ments will be obtained only by a minority of the vehicles deployed, 
especially if a variety of terrain is desired for the geochemical sampling. 

Mi s s ion-Rela ted Remarks 

Associated with the question of the RTG heating effect is the 
ambient temperature expected for the pentrator body under various dif- 
ferent emplacement conditions. If the penetrator is partially stuck 
into solid basalt, the exterior surface will follow the Martian daily 
temperature cycle and be much too cold (except for a short period near 
equatorial noon) for the Nickel -Cadmium transmitting batteries to 
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measurement qualifies it as an interesting standard measurement for 
missions to other bodies in the solar system. The deployment of the 
lateral probes presents its own dhallenges because a large fineness ratio 
is needed to minimize axial conduction effects. Forcing thin probes 
several centimeters through soils containing even small pebbles is dif- 
ficult, and some redundancy (multiple probes at each level) may have to 
be provided. 


267 


Meteorology 


Scientific Goals 

As a technique for obtaining low cost global meteorological measure- 
ments, a Mars Orbiter-Penetrator experiment could provide important scien- 
tific returns. Synoptic and global measurements could be made for periods 
of minutes to one or more Martian years. Annual and shorter term investi- 
gations are meteorologically important for several reasons. Among these 
are: 

1) A complete annual cycle could be observed following the pro- 
gression from low to medium to high winds and the correspond- 
ing local and planetary dust evolution. With the observation 
of turbidity from the afterbody and orbiter (hopefully obtain- 
ing particle size and optical propriety) some hypotheses 
relating atmospheric temperature to these parameters could be 
tested . 

2) A highly regular diurnal variation in wind speed, wind direction 
and temperature has been observed at the Viking I landing site. 
This variation can be attributed to the sloping terrain at 

the site which, with diurnal heating and cooling, would generate 
ups lope and downslope winds respectively, modified by rotation 
and surface friction. Alternatively, the diurnal variability 
could be due to a planetary scale diurnal traveling wave 
driven by the traveling daily heating cycle, a diurnal tide 
or a combination of these. A series of three or more surface 
meteorology probes located within 30 degrees of the equator 
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could determine the extent to which the traveling wave is respon- 
sible for the Viking I diurnal observations. 

3) Terrestrial observations during unstable daytime conditions 
indicate that stability and heat and momentum fluxes can be 
obtained exclusively from temperature statistics. Quantitative 
estimates are obtained from the mean temperature, pressure and 
from the standard deviation and skewness of temperature after 
appropriate high pass filtering. The technique is being refined 
in terrestrial studies. In Viking, the technique is both being 
used and refined by cross checking with other estimates. 

However, Viking does not have adequate resolution to best uti- 
lize such estimates or to readily verify the presence of the 
cold quiescent downward adveeted air parcels on which the esti- 
mation technique is based. The higher resolution of the pene- 
trator measurements would facilitate use of the technique and 
provide better verification of the structure on which such 
techniques are based. 

4) Statistics of the turbulent properties of wind and temperature 
in the turbulent surface layer would be intrinsically important 
and of value in determining some site properties near the pene- 
tratoT, especially in tropical latitudes where the diurnal cycle 
is predictable. 

5) The Viking mission has observed water ice clouds and their motion 

in addition to surface ice, fog- or frost. The measurement of 

water vapor into and out of the surface daily and seasonally 

is an important element in understanding these phenomena along 
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with the surface geochemical evolution. Humidity fluxes probably 
will not be adequately understood during the Viking mission par- 
tially due to the unfortunate deletion of the humidity sensor 
from the surface meteorology experiment. 

6) A global network would provide observations against which the 
results of general circulation models can be checked. 

With the exception of the Viking program and some earlier Voyager studies, 
very little meteorological sensor development has or is taking place for 
landed planetary probes. This lack of long terra development has resulted 
in a Viking meteorology instrument more complex than necessary, which has 
xn turn generated excessive operational, management and computational 
problems. The severe power, weight and exposure problems (shock may be 
less Important than expected) of the penetrator require that long term 
development of sensors and systems begin immediately so that the decision 
on the inclusion of meteorology in the Penetrator Mission will not be dic- 
tated by lagging development. Also, the development of sensors for plane- 
tary surface meteorology should not be neglected and this development would 

serve as a focus for other planetary probe development and terrestrial 
applications . 

Measurements 

Wind speed and direction 

Tlie Viking anemometer system consists of two hot film and a heated 
wake sensor to measure wind speed and direction. Ihe power requirements 
for these sensors are too high for consideration in a penetrato’r applica- 
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tion. On a penetrator, a hot wire instead of a hot film could 
be used reducing the power by an order of magnitude for the two wind 
sensors. Viking sensor power requirements of .5 to ,7 watts per sensor could 
be reduced to the G.05 watt level, but Knudsen number effects would have to be 
incorporated in the processing. Alternatively, a spherical bead thermistor of 

250 to 500 micron diameter could be used for wind speed but wind direction 
would require other methods. A drag sphere anemometer could provide two 
components and low power , but it would have to be leveled or its orienta- 
tion determined. 

Another potential wind system is the ion flow anemometer which can be 
made very rugged and low in power consumption. Comraerical units are avail- 
able and there does not appear to be any fundamental limitation. There 
are unknown effects related to gas composition and instrumental parameters 
that need to be investigated, but this could be a promising transducer. 

It is recommended that studies and tests of heated anemometer and ion flow 
instruments be started. 

Temperature 

The logical choice for temperature measurements is a thermocouple 
sensor of a design similar to the Viking system. The exposure and mounting 
would differ but the size and material could be- the same. An important 
requirement is to provide an order of magnitude better resolution than 
was provided by Viking. 
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Pressure 


Pressure can be measured either by eapaeitance or variable reluctance 
dlaphram pressure transducers. For mechanical rigidity, a capacitance 
transducer is preferable. To obtain the absolute accuracy, a significant 
development effort may be required. If the absolute accuracy cannot be 
attained, an effort should be made to obtain long terra stability of 0.01 
millibars. The least stringent requirement would be for 0.01 millibar 
stability over one day. 

Humidity 

The importance of humidity should not be downgraded too much even 
though it is of secondary meteorological importance. However, the sensor 
requirements are very stringent and the transducer choices few. The 
Aluminum Oxide sensor responds at low humidity but with long time con- 
stants. The other sensor which is sensitive enough is the quartz crystal 
microbalancG, the King sensor. This sensor was under development for 
Vihing and has undergone a considerable amount of testing. The drawbacks 
of this transducer are the complexity, power consumption and size, which 
make it a doubtful choice for a pane tra tor. 


Summary 

The wide dispersal possible with a multi -penetrator mission makes 

it attractive as a meteorological program, provided that at least two 

and preferably more penetrators can be located 30 degrees or more apart. 

If large spacing cannot be used^ then small arrays could be used to study 

synoptic processes. For this purpose, it would be desirable to move away from 

272 


the equator to obtain the most interesting weather. Within the general 
penetrator concept, there are several interesting scales and types of 
phenomena that can be profitably studied. 
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Summary and Conclusions 


The Coinmittee is convinced that penetrators can play a significant 
role in the exploration of the Moon, Mars, asteroids and the Galilean satel- 
lites. From previous studies it is clear that the engineering requirements 
of the Mars penetrator are considerably less severe than those for all 
these other targets. Penetrator missions have also been studied for the 
exploration of Venus and Mercury. These studies indicate that the Venus 
environment is unacceptably hot for a penetrator mission. Unfortunately 
Mercury is also problematical, again because of high subsurface temperatures 
(except near the poles) and further study is needed to determine if alter- 
nate "rough” surface landers might not be preferred. 

It is, therefore, the opinion of the Committee that Mars is the 
prime first objective for application of penetrators to planetary explora- 
tion, We submit that this would be a truly significant beginning to the 
understanding of the planet as a whole. By comparison, an Earth penetra- 
tor mission would have brought us to the level of understanding of our 
planet as a whole not achieved until recently (see Appendix) . The pros- 
pects for Mars are fully as good. 

We believe that the seismic, geochemical and afterbody imaging, 
experiments are far enough along to insure their feasibility for an 
early launch. The heat flow, total water and meteorological techniques 
axe still not fully developed. In view of the extreme scientific 
interest in these measurements, we feel that intensive developmental 
effort in these areas should begin promptly so that, if feasible, the 
measurements can be made on Mars. 
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tte conclude that there ±s a high probaBility that an adequate 
instrument pacliage can be flown which addresses the many Important basic 
scientific questions remaining after Viking. We therefore recommend 
that J 

1) Innnedlate steps Be taken to plan and Implement a 1981 Mars 
Penetrator Mission; 

2) Development of Class 1 and 2 experiments Be started immediately 
so that a lY 1979 new start can immediately begin construction 
of flight hardware with demonstrated experiment concepts. 

We feel that the heat flow, total water and meteorological 
experiments, in partiGular, require immediate attention; 

3) An advisory group be empaneled promptly to set scientific 
priorities, review progress and guide mission planning to 
maximize the science return from this mission. Members 
selected to this group should be both scientists and engineers, 
with particular care taken to insure that the majority ef 
individuals do not have vested mission interests; 

4) Immediate work be started to find workable solutions to the 
Identified engineering and operational problems, particularly 
in the thermal control, umbilical deployment and data storage/ 
processing areas . 
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Appendix 


As an aid in appreciating the potential usefulness of a penetrator 
mission to a solid planet, we have reviewed what would be learned if 4 
penetrators were emplaced on the Earth and operated for 1 year. 

For this exercise we have assumed that the penetrators are emplaced 
on land, and that the penetrators have all the Glass 1 and 2 experiments. 
We have also assumed orbital imaging and other remote sensing data exist. 

After 1 year of operation, we would know the surface Gharacterlstics 
of a variety of major surface geologic units defined with earth orbital 
resolution ((? 100 m) . Thus, the detailed morphology and topography of 
continental shield, ocean basin, folded mountain, and other global geo- 
logic units would provide sigeificant data for the general interpretation 
of these units (rock types, structure, stratigraphy, surface weathering, 
etc.). 

Imaging would provide information on the surface processes operating 
at the different sites, such as aeolian activity, fluvial and water - 
related modification, volcanism, biologic activity, etc. Images of rock 
and soil samples at local sites would add to this information. Extended 
observations would establish the characteristics of these processes, and 
their relative significance at each site. Observations over the lifetime 
of the mission would document transient events and establish rates of 
processes at specific sites. Processes that operated over wide portions 
of the planet would be monitored (snowstorms, weather fronts, dust 
storms, stc.). Specifically, a survey of surface vegetation, documenta- 
tion of seasonal variations, and evidence of erosional agents such as 

rainfall and running water would be obtained, 
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Surface imaging results would also be important in the interpre- 
tation of other surface and orbital experiments, providing informatxon 
on the substrate and environment in which surface geochemical, seismic 
and heat flow experiments were being undertaken. Information on the 
grain size, block distribution, bedrock exposure, and local topography 
of the surface would be of significant interest to orbital remote 


s ens ing exp er imen t s . 

We would be aware of tba considerable eeocbemlcal heterogeneity 
of the earth's crust. It would at least be possible to detect the .con- 
trast hetween silicic continental crust and mflc oceanic crust. The 
penetrators would probably get few analyses of the true bedrock, because 
of effective surface oodtflcatlon processes and coepllcatlons caused by 
sediment transport, but It would still be possible to see fundsmentally 
different rock compositions which affect the final compositions, to 
addition, these complications would give fundamental Insights Into the 
nature of the processes which shape the earth's surface such as weathering 
erosion, transport and sedimentation. If any bedrock were encountered. 

It would be possible from Its analysis to begin drawing ooncluslons con. 


earning the differentiation processes occurring on earth. 

At least one of the penetrators might hit a more unusual rock type, 
such as limestone, giving an Idea of the great range of chemical composi- 
tion of rock on the earth's surface. Finally, the precise chemical 
analyses would provide valuable ground measurements for an accompanying 
Grbiting geocbemical experiment , 
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From the seismic stations,, we would expect to 
record at least 10 large events on all instruments as well as. a number 
of smaller events that would be recorded on one or more Instruments. 
Assuming each major event would contain 10 or more phase arrivals as 
well as a surface wave train Cwith dispersion) , one could expect to 
obtain some 4Q0 or wore data points- to be used in the construction of a 
travel timetable. Such a data set should enable the identification of all 
of the major discontinuities within the earth, t.e. inner core, core, 
lower mantle, upper mantle, low velocity zone, and crust, as well as 
enable the Identification of velocity changes and gradients within these 
regions. The difference between continental and oceanic upper mantle 
structure should also be identifiable. Moreover, one could probably 
identify one or more regions in which major tectonic activity was taking 
place, e.g. the subductloa zones along the western margin of the Pacific 
Ocean , 

From four heat flow measurements , the planetary heat flow could be 
deduced to an accuracy of about 50%. Variability among the measurements 
would demonstrate either that the earth is highly heterogeneous in the 
distribution of radioactive elments on a global scale, or that it has 
a dynamic surface, Gomparison with the seismic results and orblter data 
would eliminate the first possibility, arid confirm that something like 
plate tectonics is ocGurring. 
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From orbiter imaging of cloud structure and with surface wind, 
temperature and pressure observations, the two two major meteorological 
regimes, tropical and subtropical would be deduced. 

In the tropics, daily temperature variations of 10° C around 300° K 
would be discovered with weak pressure fluctuations on the order of 0.1% 
daily with few long-term fluctuations observed. A quite repeatable daily 
pattern of wind speed and direction variation would be observed with small 
seasonal variations. In other words, the tropics are predictable and for 
this reason are quite important in studying basic diurnal variations 
unobscured by other complicating processes. The annual movement of the 
intertropical convergence zone would be observed and the predominant 

easterly motions would be measured. 

In the middle latitudes, the pattern of several days repeatable 
diurnal temperature variation would be dramatically interrupted by large 
and rapid pressure changes. With the rapidly decreasing pressure and 
temperature, wind speed increases and wind direction changes marlcedly. 
Goupled with the orbital imaging, the presence of low and high pressure 
centers and their motion would be observed and the development of frontal 
systems could be deduced. 

The general wind direction would be from the west as opposed to the 
easterlies of the low lat-^tudes in the northern hemisphere. Also it 
would be observed that fluctuations of temperature are much larger in the 
daytime than night, and the phenomena of unstable turbulent convective ex- 
change would be observed. With a long period of observation, dust devils 
(and tornados?) might be observed, with their excessively large velocity 
compared to the mean wind. Clouds, fog and frost would be observed with 
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the imaging, demonstrating the wide variability of the weather as 
observed from the surface and an orbiter. 

In summary, after one year of operation, we would have a level of 
understanding of the earth as a planet only reached in recent times. 

The prospects for Mars are surely as good. 
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